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ABSTRACT 

We present high-precision photometry on 107 variable low-mass stars and brown dwarfs in the 
~3 Myr a Orionis open cluster. We have carried out /-band photometric monitoring within two 
fields, encompassing 153 confirmed or candidate members of the low-mass cluster population, from 
0.02 to 0.5 Mq. We are sensitive to brightness changes on time scales from 10 minutes to two weeks 
with amplitudes as low as 0.004 magnitudes, and find variability on these time scales in nearly 70% of 
cluster members. We identify both periodic and aperiodic modes of variability, as well as semi-periodic 
rapid fading events that are not accounted for by the standard explanations of rotational modulation 
of surface features or accretion. We have incorporated both optical and infrared color data to uncover 
trends in variability with mass and circumstellar disks. While the data confirm that the lowest-mass 
objects (M < 0.2Mq) rotate more rapidly than the O.2-O.5M members, they do not support a direct 
connection between rotation rate and the presence of a disk. Finally, we speculate on the origin of 
irregular variability in cluster members with no evidence for disks or accretion. 

Subject headings: open clusters and associations: individual (a Orionis) — planetary systems: proto- 
planetary disks — stars: low-mass, brown dwarfs — stars: rotation — stars: variables: 
T Tauri — techniques: photometric 



1. INTRODUCTION 

Stars and brown dwarfs in the ~1-15 Myr age range oc- 
cupy a pivotal position in the stellar evolution sequence, 
characterized by emergence from molecular cloud birth- 
places, ongoing dissipation of primordial circumstellar 
disks, and assembly of planet systems. The evolutionary 
stage also involves dramatic changes in internal struc- 
ture as well as radius and angular momentum. Some 
circumstellar and stellar changes during this epoch are 
interconnected, through deposition of accreting mate- 
rial on the central object, as well as possible transfer of 
angular momentum to the surrounding disk. Although 
the physics governing these processes remains difficult 
to probe directly, accompanying photometric variability 
offers a valuable tracer of the prevalence of various un- 
derlying phenomena at work. 

It has long been known that pre-main-sequence 
T Tauri stars wit h masses n ear solar exhibit variability on 
levels of ~l-50% (|Jovlll949f) . At visible and near-infrared 
wavelengths, prominent phenomena causing photometric 
variability include modulations of the stellar brightness 
by rotation of cool magnetic surface spots, sporadic flux 
variations due to accretion, extinction fluctuations due 
to clumpy circumstellar material, and eclipses by com- 
panions. Data derived from temporal variability studies 
complement single-epoch surveys of stellar populations 
spanning a range of spectral types and ages in nearby 
young clusters by contributing information on changes 
occurring much faster than the evolutionary time scale. 
Photometric monitoring campaigns have thus become an 
integral part of our toolbox in the investigation of young 
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cluster members. 

Among the most appreciated stellar parameters ac- 
cessed through time series monitoring is the rotational 
angular momentum. For objects with periodic bright- 
ness changes that can be attributed to the passage 
of cool surface spots, photometric variability analy- 
ses yield rotation rates. Recent work has established 
the overall angular momentum trends from the pre- 
main-seque nce (PMS) th r ough ag es of 500 Myr, as re- 
viewed bv IHerbst et all (|2007f ). iBouvierl ((2007), and 
IScholj (|2009T >. Of particular interest is the 1-10 Myr 
regime, which is the first opportunity to measure the 
cumulative effect of the formation process on rotation 
rates after the embedded phases of protostellar devel- 
opment. During these early stages, a large portion 
of the initial angular momentum is carried off by out- 
flows and jets, and additional amounts subsequently may 
be deposited into surrounding disks via magnetic inter- 
action with the central star. The growing census of 
young stars and brown dwarfs has allowed recent stud- 
ies to probe rotation rates in a numbe r of 1-10 Myr 
old c lusters, i ncluding Chamaeleon I ( Joergens et all 
200l. IC 348 (iCohen et "all [200l ILTttlefair et all [20051 : 



Cieza fc Baliberll2006l ). Taurus (iNguyen et al.ll2009h. the 



Orion Nebula Clust er (IStassun et all [19991: IHerbst et all 
[200l. a Orionis (IScholz fe Eis loffcl 20 Ql, e Orioni s 
dScholz fc Eisloffelll2005ft, NGC 236 3 (llrwin et al.ll2008h . 
and NGC 2264 (|Lainni^taI][200l). 

Observations to date find that the majority of rotation 
rates at ages of a few Myr correspond to periods between 
1 and 10 days, with a smaller population of slower rota- 
tors extending to periods of ^25 days. In addition, the 
distribution appears to be highly mass-dependent: ear- 
lier than spectral type M2.5 (or ~0.3-0.4 Mq, depending 
on the theoretical model used), typical rotation periods 
lie between ~2 and 10 days, and in some cases display 
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a bim odal distribution (|Herbst et al.l 120021 : iLamm et al.l 
2005) However, where data is available at lower mass, the 
distribution peaks near 1-3 days and steadily dec lines 
toward longer periods (e.g., ICieza fe Baliberll2007l) . At 
first glance the slow rotation rates are somewhat surpris- 
ing, given that these stars are recently accreting mate- 
rial and still undergoing pre-main-sequence contraction. 
Stellar evolution theory alone predicts approximately an 
order of magnitude increase in angular velocity during 
the PMS phase, whereas rotation rate distributions in 
clusters o f different age remain roughly constant out to 
-30 Myr £[ rwin fc Bouvierll2009f ) . Current evidence sug- 
gests that at least among the higher mass objects, rota- 
tion rates are strongly linked to the presence or lack of 
a disk, as indicated by long- wavelength in frared excesses 
(jRebull et al.|[200llCieza fc BalibeHl2007l ). 

Despite the wealth of data, many open questions re- 
main, which we will address in this work. The mechanism 
for removal of angular momentum during the protostar 
stages is not well understood, and the role of circumstel- 
lar disks in rotation rate regulation remains controver- 
sial a mong the low-mass s t ars at spectra l type M2.5 and 
later (jStassun et al.lll99l iRebullI l2001[ ). Furthermore, 
the lower limit to rotation periods in young clusters is not 
well established. Photometric derivations of rotation rate 
or pulsation period are complicated by the variety of vari- 
able phenomena operating in young stars. Notably, ape- 
riodic variability due to stochastic accretion can appear 
as a semi-periodic phenomenon when sampling is sparse 
or when hot spots produced by columns of accreting ma- 
terial prochac^traiis^e^ si^nals^ 

tion (iBouvier fc Bertoutlll989t iFernandez fc Eiroalll996t 
iHerbst et al.ll2007l ). A number of authors claim evidence 
for a pattern of faster rot ation as masses decrease into 
the brown dwarf regi me ( Bail er- Jones fc Mundtl 120011: 
Zapatero Osorio et al.l 120031 : iRodriguez-Ledesma et al.l 
2009( 1. In some cases, periods as short as a few hours 



va riability on time scales of 2 - 5 hours, as reported 
bvlBailer- Jones fc Mundtl (120011): IZapatero Osorio et all 



are inferred for brown dwarfs (BDs) and very low mass 
stars (VLMSs), implying t hat they may be spinni ng at 
close to break-up velocity. iPalla fc B araffc ( 2005) sug- 
gested that variability in these particular short-period 
objects may represent a completely different effect- pul- 
sation powered by deuterium burning. Detection of this 
phenomenon is one motivation for our work. 

We recently initiated a campaign to probe low- 
amplitude photometric variability on short (~l-hour) 
time scales, obtaining rotation periods and searching for 
pulsation among young BDs and VLMSs (< 0.1M©). 
In this paper, we present results of photometric moni- 
toring on members of the ~3 Myr (Sh erry et al.ll2008h 
cluster around a O rionis. At a distance of 440 pc 
(jSherrv et al.l I2008D . spatial extent of ^1 square de - 
gree, [Fe/H] of -0.02 ()Gonzalez Hernandez et aTll2008f) . 
and low extinction {E(B-V)=0m; |LeeJU9680, the clus- 
ter is a convenient target for photometric and spectro- 
scopic studies. Indeed, prior surveys have revealed a 
rich population of 338 confirmed members (C aballerol 
120081 and references therein), along with some ^300 
additional candidates from ph otometry, proper mo- 
tions, and x-ray detections (e.g., iHernandez et all 120071: 
Lodieu et all 120091: ISherrv et aLll2004l : iFranciosini et all 



(2003). and IScholz fc Eisloffell (|20()ll). However, apart 
from the latter study which presented 23 periodic objects 
in the northern reaches of the cluster, no comprehen- 
sive variability studies have been carried out in the main 
portio n of the cluster. A campaign by ICaballero et al.l 
(|2004[) resulted in the measurement of three rotation 
periods from a sam ple of 28 candidate brown dw arfs, 
while the studies by | Baller- Jones fc Mundtl ()2001l ) and 



Zapater o Osorio et al 



2006). Of particular interest to our pulsation search 



is that a Orionis is one of few young clusters with 
very low mass members claimed to exhibit periodic 



. (120031) contributed another two. 
Other work by lHernandez et al.1 (|2007l ) and lLodieu et al.1 
(2009) present evidence for generic variability based on 
sparsely sampled photometry over year time scales. 

We have taken advantage of the numerous prior single- 
pointing surveys to select a sample of ~T50 likely 
young BDs and VLMSs distributed throughout a Ori- 
onis. We collected photometry on these objects with 
the Cerro Tololo Interamerican Observatory (CTIO) 1.0- 
meter telescope and Y4KCam detector, operated by the 
SMARTS consortium. We obtained data on two observ- 
ing runs of nearly two weeks each, benefiting from unin- 
terrupted clear skies and probing to magnitudes of 7=21, 
well beyond the substellar boundary (Z~17). The excel- 
lent precision of our dataset (a few percent or better for 
the majority of targets) and continuous monitoring offers 
an unprecedented window into low-amplitude variabil- 
ity on 15-minute to two- week time scales in VLMSs and 
BDs, encompassing multiple rotation periods for many of 
these objects. Based on these observations, we present 
65 new rotation rates- more than tripling the number for 
confirmed and likely a Ori members- as well as provide 
a new assessment of the period distribution among late- 
type objects. In addition, we show evidence for other 
types of variability, including possible rapid circumstel- 
lar extinction events associated with very low mass stars. 
We identify several new candidate members of the cluster 
based on their variability and colors. 

The outline for this paper is as follows: In §2 and §3, 
we respectively describe the selection of photometric tar- 
gets in a Orionis and basic data acquisition and reduction 
procedures. In §4, we detail several different photometry 
techniques tested to minimize night-to-night photometric 
systematics and achieve the lowest possible noise scatter 
in our time series. In §5 and §6, we discuss our meth- 
ods for identifying both periodic and aperiodic variability 
in the light curves, as well as the corresponding detec- 
tion limits as a function of magnitude and frequency (in 
the case of periodic variability). In §7, we present an 
overview of the types of variability found in our sample, 
as well as analyze the connections to parameters such as 
color, mass, time scale, and circumstellar disk indicators. 
Finally, in §8, we present our main findings concerning 
young cluster variability in the context of prior studies. 
The Appendix includes a detailed list of all previously 
identified a Orionis variables that fall in our fields of 
view, along with redetections where applicable. 

2. TARGET FIELDS 

The a Orionis cluster was first identified by IWolkl 
(fl996h and iWalter et al.1 (fl997h via clustered sources of 
x-ray emission in ROSAT observations. Possibly as- 
sociated with the Orion OBlb subgroup, the cluster 
of low-mass stars surrounds the 09.5V binary star a 
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Ori A B. IBeiar et all (|1999) and IZapatero Osorio et al.l 
(2000) presented an initial sample of candidate low- 
mass cluster members, for most of which spectral types 
were later determined by IBarrado v N avascue s et all 
(l2003h. Subsequent surveys (e.g., ISherrv et all 12004 
iBurningham et all 2005; K envon et al.l 120051 ) have aug- 
mented the list of low-mass candidate members via pho- 
tometric selection in the near-IR, spectroscopic analysis 
of Ha, Na I, and Li lines, as well as c haracterization of 
mid-I R excesses indicative of disks (e.g-. lHernandez et al.l 
|2007| ). While most of these methods do not rule out the 
presence of foreground and background sources, the con- 
tamination rate from photometry alone is expected to 
be relatively low (~15% based o n the color-magnitu de 
distribution of a non- cluster field: lLodieu et al.l (|2009)). 

We compiled a list of likely and cand id ate a 
Orionis clu ster mem bers from IBeiar et all (119991), 
IBeiar et ail (12001D. IBarrado v Navascues et al 



20011). IBarrado v Navascueset all (120031). iB eia: 



200l. ICaballero et all (l200l. iSherrv et al 
Scholz fc Eisloffell (120041 ) IBurningham et al 
Kenvon et al.l (120051) . iFranciosini et all " 



Caballero et "all j 2007h 
Caballerol l2008l). 



Hernan dez et all 
iLuhman et ail (|2008l ) 




Lodieu et all (|2009l ) , including available 



and 
signatures 

of youth and kinematic measurements. Our observations 
target two fields (as shown in Fig. [TJ selected to avoid 
bright stars such as a Ori AB itself, while maximizing 
both the density of confirmed or suspected low-mass 
cluster members and number of objects with previously 
observed variability. We cross-correlated the positions of 
objects in our fields with the above-mentioned sources 
to assemble a final list of confirmed and likely members 
appearing in our imaging data, which is provided in 
Table 1. 

3. DATA ACQUISITION & REDUCTION 

A field centered on RA=05 h 38 m 00.6 s and Dec=- 
02°43'46.3" in the a Orionis cluster was observed for 
12 consecutive nights from 2007 December 27 to 2008 
January 7 with the CTIO 1.0-m telescope and Y4KCam 
detector. A second field at RA=05 h 39 m 31.2 s , Dec=- 
02°37'25.9" was observed from 14 to 24 Dec 2008. During 
this second run, two repeat observations per night were 
also obtained of the first field, such that long-term pho- 
tometric trends might be investigated. Skies were clear 
and photometric for the majority of observations, with 
little moon and seeing from 0.9"-1.8". The CCD consists 
of a 4064x4064 chip with 15 /jm pixels, corresponding to 
a scale of 0.289" pixel -1 and an approximately 20'x20' 
field of view. Because readout occurs in quadrants, bias 
levels vary in the four regions. This effect unfortunately 
cannot be completely calibrated out, because both the 
mean bias level across the amplifiers as well as the two- 
dimensional spatial dependence are highly time variable, 
as seen in the behavior of the overscan region and bias 
images. Our photometry is largely unaffected by this is- 
sue since sky subtraction takes into account local bias 
levels around our targets. However, we have masked out 
data in the central 20 columns and rows of the CCD 
where rapid spatial variation in the bias between different 

3 http:/ /archive. stsci.edu/cgi-bin/dss_form 

4 http:/ /irsa. ipac.caltech.edu/data/IRIS/ 




Fig. 1. — Observed fields are superimposed on a Palomar Obser- 
vatory Sky Survey 2 (POSS2) red image (top) obtained from the 
Digitized Sky Survey (DSS) 3 and an Infrared Astronomical Satel- 
lite (IRAS) 100 fim image 4 (bottom). The 2007 field is centered 
at RA=05 h 38 m 00.6 s and Dec=-02°43'46.3", while the coordinates 
of the 2008 field are RA=05 h 39 m 31.2 s , Dec=-02°37'25.9". a Ori 
itself is the bright object near center, and greater extinction is seen 
in the 2008 field than that from 2007. 

quadrants prevents proper background extraction. The 
amplifiers have gains from 1.33 to 1.42 electron ADU -1 
and readout noise ~7 electron pixel -1 . 

The observations targeted 153 candidate very-low- 
mass <7 Ori members, including some 15 spectroscopi- 
cally confirmed young brown dwarfs (see Table 1). Our 
goal of acquiring high-precision time series photometry 
on these objects required accumulation of as much sig- 
nal as possible while maintaining an observing cadence 
well under the ^1-hour time scales of interest for short- 
period signals. Theoretically, the shortest detectable si- 
nusoidal period is twice the cadence; we elaborate on 
this relationship in §5. In practice, exposure times are 
limited by contamination from large numbers of cosmic 
ray hits and diffraction spikes from saturation of numer- 
ous nearby bright stars when count levels reach 50,000 
ADU. As a compromise between these competing effects, 
we initially chose an exposure time of 360 seconds in the 
Cousins / band, where the optical spectral energy dis- 
tribution of brown dwarfs nears its maximum. During 
the 2008 observations, we increased integrations to 600 
seconds for slightly improved signal-to-noise. Due to the 
consistent night-to-night observing conditions, these set- 
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ups did not need to be adjusted throughout the runs. 
With a detector read-out time of 90 seconds in the un- 
binned mode, the resulting cadences were 7.5 and 11.5 
minutes per photometric data point in the 2007 and 2008 
run, respectively. The corresponding total observation 
times were 72 and 60 hours, resulting in 523 and 338 
data points. 

Careful calibration procedures were followed to ensure 
that the ultimate photometry was restricted mainly by 
source and sky background noise inherent to the mea- 
surements. Sets of bias images and dome fiats were ac- 
quired daily. Since dome flat field images taken with the 
CTIO 1.0-m telescope are known to deviate from the true 
pixel sensitivity distribution by up to 10% toward the 
corners of the detector, we only used sky flat fields. Twi- 
light sky flats were obtained at the beginning and end of 
each night in the / band. Uniform bright sky illumination 
and detector response can be achieved with exposures of 
at least 10 seconds (to mitigate shutter shading effects) 
and less than a few minutes (to avoid the appearance of 
many stars in the flat field). Conditions allowed for four 
consecutive sky flats with flux levels averaging 30,000 
counts, providing a good representation of pixel sensi- 
tivity variations within the linearity limit of the CCD. 
We checked that the combination of all eight twilight 
flats per night should contribute an uncertainty of less 
than 0.002 magnitudes per pixel to the photometry, suf- 
ficient for our precision requirements. For two nights 
when thin cirrus prevented uniform twilight exposures, 
we incorporated observations from adjoining nights into 
the composite flat field after confirming that the detector 
sensitivity did not change significantly over 24-hour time 
scales. In a few cases, new dust did appear on the CCD 
window midway through the night and its corresponding 
"donut" could not be adequately removed from the im- 
ages. Affected areas were noted and confirmed not to lie 
in close proximity to any of our photometric targets or 
potential reference stars. We ensured that the pointing 
remained stable by choosing the same guide star from 
night to night and centering it in the same pixel of the 
guide camera. 

We cleaned the images of cosmic rays with the IRAF 
cosmicrays utility. This detects and replaces sharp, non- 
stellar sources appearing more than five standard devia- 
tions above the background. Rare cosmic ray hits coin- 
cident with the stars and brown dwarfs are not removed 
in this way and must be identified separately in the later 
light curves. Standard reductions including subtraction 
of biases and flatfielding were carried out with the IRAF 
imred package. Images were split into quadrants, and 
each corrected with a high-order fit to its individual over- 
scan, to account for highly variable bias structure at the 
edge between the bottom and top amplifiers. Quadrants 
were subsequently trimmed and pasted back together to 
form a seamless image. Residual two-dimensional bias 
structure was removed by subtracting a master frame of 
20 median-combined zero images. 

Because the I band 1 extends well beyond 8000A and 
the typical CCD thickness is 20 ^m or less, our images 
suffer from fringing, in which long- wavelength emission 
from OH night sky lines reflects multiple times within the 

1 Filter profiles are available here: 

http: / /www. astronomy.ohio-state.edu/Y4KCam/Filters/y4kcam_Ic.txt 



CCD to create a complicated interference pattern super- 
imposed on the images. An SDSS i filter, which better 
suppresses sky emission, was unavailable at the time of 
our observations. The fringing effect is additive and fixed 
with respect to detector position, but its strength varies 
throughout the night, depending on sky conditions. For 
the Y4KCam, we find that its amplitude typically fluc- 
tuates on scales of 30-50", with amplitudes reaching 2% 
with respect to the background. While guiding gener- 
ally keeps stars on the same pixel, steep gradients in the 
fringe pattern and an unexplained 4-5 pixel drift in x po- 
sition throughout the night could affect background sub- 
traction for aperture photometry, introducing artificial 
variability on the same levels as potential rapid rotation 
or pulsation signatures. Hence we developed a proce- 
dure to effectively model and subtract the fringing from 
all images. Throughout the first run, we took 360-second 
exposures of sparsely populated areas of sky, amassing a 
total of 68 "fringe" flat fields. To isolate the fringe pat- 
tern in these images, it is important to extract the two- 
dimensional continuum sky background as well as stel- 
lar point sources. We generated object masks for each 
field, eliminating images with highly saturated stars. Be- 
cause of varying bias levels in the different quadrants, 
we modeled the background to second order, allowing 
the fit to vary in each of the four regions. This piece- 
wise background was then subtracted from each image, 
leaving a fringe pattern with mean value zero. A high 
signal-to-noise master fringe frame devoid of stars and 
background was created by median combining the indi- 
vidual fringe images, incorporating the object masks. To 
defringe an image, it is necessary to subtract the fringe 
frame scaled by the value determined to best reproduce 
the time-dependent fringe amplitude. The IRAF task 
rmfringe performed this process by iterating to mini- 
mize the difference between scaled fringe flat field and 
each background-subtracted, object-masked image. Af- 
ter a first round of fringe subtraction from the fringe 
fields themselves, we repeated these steps but instead 
used the processed images from the previous iteration to 
determine the sky background. This resulted in a slightly 
more accurate master fringe frame. 

To defringe the two science fields in a Ori, we fol- 
lowed the same procedures, subtracting the scaled mas- 
ter fringe frame from the science images in two iterations. 
The second round again included input sky background 
as determined from the first round fringe-subtracted im- 
ages. Since no fringe field exposures were taken during 
the 2008 run, we used the same 2007 master frame for 
this data, resulting in slightly higher residuals. We found 
that these steps effectively removed fringes in some 95% 
of images if liberal object masking was applied, especially 
in the northeast corner of the field where stray light from 
a bright nearby star reflected into the detector field of 
view. The remaining 5% of images were corrected by 
manual defringing. Fringe subtraction was successful in 
removing background variations down to the 0.1% level, 
suitable for our photometric purposes. Images were then 
aligned to the same x-y coordinates with a small flux- 
pre serving shift u s ing th e IRAF script IMAL2 provided 
bv lDeeg fc Dovld (|2001l ). This script takes as input a 
number of bright reference stars across an image, deter- 
mines their centers using the IRAF imcentroid task, and 
outputs the mean shift in x and y. It then uses the IRAF 
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imshift task to perform the shift calculated for each im- 
age. 

4. PHOTOMETRY 

The aim of our monitoring campaign is to obtain light 
curves with as high a cadence and precision as possi- 
ble, thereby providing sensitivity to variability below the 
0.01 magnitude level on sub-hour time scales. Optimiz- 
ing signal-to- noise (S/N) ratios on the low- mass cluster 
targets in our fields is particularly challenging with a 
1-meter telescope, as the selected 6 to 10-minute expo- 
sure times result in S/N=100 only on the brighter brown 
dwarfs in the sample. These exposures also lead to mod- 
erate numbers of cosmic ray hits as well as slightly non- 
symmetric psf shapes resulting from accumulated guid- 
ing errors. Consequently, we paid special attention to 
our photometric analysis procedures and tested several 
different routines to identify the one providing the best 
S/N performance. 

4.1. Aperture Photometry 

Since our fields are not particularly crowded, we ex- 
pect aperture photometry to outperform point spread 
function (psf) fitting. We employed the IR AF script 
VAPHOT (based on phot; iDeeg fc DovIell200lD to calcu- 
late instrumental magnitudes with apertures optimized 
to provide the best signal-to-noise ratios as a function 
of stellar flux, sky background, and seeing. Photometry 
of bright objects typically benefits from large apertures 
since the flux signal dominates over the background, 
while for faint objects smaller apertures are needed be- 
ca use photometr ic precision is sky-limited, as discussed 
by iHoweil (|1989l) . Moreover, the optimal aperture size 
scales approximately with seeing, such that it is nearly 
constant when expressed as a multiple of the psf size. 
VAPHOT makes use of these properties to perform high- 
precision differential photometry without the need for 
multiple trials of different aperture sizes or aperture cor- 
rections. The program dynamically determines the best 
apertures for all desired photometric targets on a sin- 
gle input frame with seeing representative of the aver- 
age for the entire run. The ratio of the calculated aper- 
ture sizes to the full width at half maximum (FWHM) 
of the psf is then fixed, and aperture sizes in all other 
frames are scaled relative to those determined for the 
chosen "typical" frame. All measurements on an object 
should thereby recover the same fraction of its total flux 
from frame to frame and night to night, in the limit that 
the psf is circularly symmetric. In reality, the psf is not 
perfectly symmetric, and this assumption introduces the 
need for a small correction to the measured fluxes. We 
have not applied such a correction here but discuss a 
method that we have used to reduce the error using im- 
age subtraction photometry in §4.2. 

Aperture photometry with the scaled aperture sizes 
was then carried out with the IRAF phot task, including 
redetermination of the object centroids before aperture 
placement. Typical aperture radii were 10.5 pixels (~ 3") 
for bright stars and 7 pixels (~ 2") for faint targets such 
as BDs. We do not perform aperture corrections since 
this introduces additional errors and our instrumental 
magnitudes differ from their flux-corrected counterparts 
by the same constant value, a situation entirely suitable 
for differential photometry. We have measured the sky 



background around each object within an annulus ex- 
tending between 4.5 to 6 times the FWHM. 

The primary difficulty we have encountered in produc- 
ing high-precision photometry with VAPHOT is the im- 
plicit assumption of a psf fixed in both size across the im- 
age and in shape from night to night. The psf size across 
the Y4KCam detector is in fact known to vary by up to 
25% from the center to corner 2 . As provided, VAPHOT 
determines the seeing FWHM in each image by fitting 
a gaussian profile to a single bright star specified by the 
user. This value is then used to scale the apertures for all 
other objects in the field. We altered the script to instead 
output an average psf of several bright stars across the 
field. In addition, we found that the calculated optimal 
apertures for all but the faintest targets were too small, 
in that the aperture scaling based on psf size estimates 
introduced significant noise on night-to-night time scales. 
Doubling the aperture sizes for targets with I < 18 re- 
duced RMS spreads over the entire observing duration 
by more than 50% in most cases. Therefore, we adopted 
the larger aperture sizes for all object in the brighter 
half of our sample. These improvements confirm that 
neglecting spatial variations and non-gaussian shapes in 
the point spread function introduces substantial artificial 
variability in photometry with relatively small apertures. 

Differential photometry was carried out with a suite of 
reference stars for which peak flux remained below the 
detector saturation and linearity limits on all nights. In 
each of the two fields, we selected an initial set of 10- 
20 bright (all 7~13) reference stars, summed the fluxes 
in each image, and converted to a magnitude. Tests of 
several weighting sche mes, such as the one suggested by 
ISokoloski et al.l (|2001| ) did not produce substantially dif- 
ferent results. Differential magnitudes relative to this 
ensemble magnitude were computed for each of the refer- 
ence stars in turn, with that particular star removed from 
the ensemble. We computed the light curve RMS values, 
and objects with variability visible by eye or RMS more 
than one standard deviation above the average RMS for 
that magnitude were removed from the ensemble. The 
process was repeated with the new subset of reference 
stars until no outliers remained. The final ensembles 
consisted of 4-6 reference stars, with spreads of ^0.002 
magnitudes over the course of the entire observing run. 
Based on this reference, differential light curves were gen- 
erated for all objects in the field with signal below the 
saturation limit but at least five times the background. 

A number of the light curves displayed significant zero- 
point changes on time scales of one or more days. These 
variations appeared even among some of the brightest 
targets but did not seem to occur systematically across 
all objects. We suspect that slow changes in the point- 
ing and thus object mapping in x-y pixel coordinates and 
other parameters such as seeing and airmass affect the 
photometry in a position-dependent way. To investigate 
associated trends in the light curves, we fit object magni- 
tudes linearly as a function of psf FWHM and ellipticity, 
sky counts, object x and y position, relative centroid po- 
sition, as well as airmass. The fit to most light curves 
was only weakly dependent on these parameters. Out of 
concern for unnecessary addition of noise to the data, we 

2 See http://www.lowell.edu/users/massey/obins/y4kcamred.html 
for details. 
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did not remove these low-level trends. 

An additional consideration for the photometry is po- 
tential differences in color between the late-type objects 
in our sample and the brighter stars in the reference en- 
semble. To first order, extinction effects due to changing 
airmass cancel out in differential photometry. However, 
second-order color terms can introduce significant trends 
in the light curves if target objects a re substantially red - 
der than the reference ensemble (e.g. JYoung et al.lll991| ). 
Atmospheric extinction is weaker at longer wavelengths, 
and this can emerge as a gradual brightening of differ- 
ential light curves for fainter, redder objects as airmass 
decreases. No such behavior is visible in the light curves 
of faint cluster members in our sample, and the absence 
of significant airmass-flux correlations confirms this find- 
ing. We suspect that the lack of obvious trends is due 
to the relatively weak dependence of extinction on wave- 
length beyond ~ 7000A, as indicated by the small I- 
band color-dependent extinction coefficient determined 
later in §4.3. Variable extinction due to changing at- 
mospheric conditions could also produce artificial offsets 
in the object brightness, whereby the differential magni- 
tudes would correlate with reference ensemble magnitude 
rather than airmass. Again, we fit the light curves for 
this effect, but did not detect significant trends and hence 
did not apply any corrections to the data. 

The major sources of random error in the light curves 
are photon shot noise and sky backgr ound noise. W e es- 
timate based on the relation given bv lYou ng (1963) that 
atmospheric scintillation effects will introduce brightness 
fluctuations of less than 5xl0 -4 magnitudes for the ob- 
servational set-up here and hence should be negligible. 
To assess the quality of our light curves, we extracted 
photometry on all ~3200 point sources identified in the 
fields and removed severely saturated objects from the 
sample. On time scales of less than one night, the floor 
of the distribution is well accounted for by photon and 
sky noise, plus an additional allowance of ^0.002-0.0025 
magnitudes in systematic error. The adopted uncer- 
tainty for our unbinned data range from 0.002 magni- 
tudes for the bright reference stars, to just over 0.01 for 
the brown dwarfs near 1=17, and 0.1 at the faint end 
where targets reach 1=21. On the longer time scales cor- 
responding to the observing duration, RMS light curve 
fluctuations are increased by up to 50% over these values 
because of night-to-night systematic effects. 

4.2. Image Subtraction Photometry 

Several concerns prompted us to perform an indepen- 
dent test of our results with a different set of photo- 
metric reduction procedures. For a few of the target 
brown dwarfs, flux from faint sources near our object 
apertures may have interfered with proper sky subtrac- 
tion during aperture photometry. In addition, night-to- 
night variations in the mean magnitude of many sources 
suggests that spatial and temporal psf variations as well 
as slightly non-circular psf shape may be significant 
enough to alter the photometric zero point. Compari- 
son tests of psf fitting photomet ry and image subtrac- 
tion (e.g., iMo chcjska ct al. 2002) have shown that the 
latter method can result in significantly smaller light 
curve scatter. Therefore, we opte d to employ the method 
of differential image analysis (jAlard fc Luptonl 119981 : 
iMocheiska et al.ir2002f ) to produce a separate photomet- 



ric dataset with reduced sensitivity to c rowding and 
other psf effects. The Hotpants package (|Becker et al.l 
2004) compares the fluxes of objects in every exposure to 
their counterparts in a selected reference image, thereby 
enabling a differential brightness measurement. Images 
are first accurately aligned to a common grid. A high- 
quality stacked reference image is then convolved with 
a time-dependent kernel which is mathematically opti- 
mized to reproduce the psf (size and shape) in all indi- 
vidual images. The science images are then subtracted 
from the convolved reference to reveal residuals possibly 
indicative of variability. 

We found that subtraction from the reference template 
produced relatively clean images, with background con- 
sistent with the levels expected from noise properties of 
the input images. By specifying spatial variations of the 
background and psf kernel, we are able to obtain sub- 
tracted images devoid of systematic effects. Systematic 
residual flux is detectable above the background only 
in the brightest stars, where it appears in saturation- 
related peaks or a circular pattern with alternating pos- 
itive and negative flux on either side. As pointed out by 
lAlard fc Luptonl ()1998l ). the latter pattern is likely the ef- 
fect of small-scale atmospheric turbulence, which causes 
offsets of the psf centers even in well-aligned frames. 
We measured the residual flux in each subtracted im- 
age by performing nearly the same aperture photome- 
try routines, as described in §4.1. Inputs for aperture 
placement and size were determined from the convolved, 
unsubtracted images. To convert the measurements to 
differential magnitudes, we also measured fluxes of each 
star in the reference template, again using the same opti- 
mal aperture sizes determined by VAPHOT for the more 
standard photometry discussed in §4.1. Magnitudes were 
then computed relative to the reference frame. For a se- 
lection of variables in which the signal dominated noise, 
we confirmed that the image subtraction routine pro- 
duced the same light curves as the photometry performed 
on un-subtracted images, to within the photometric un- 
certainties. This technique is a hybrid version of the 
variable-aperture and image subtraction methods, the 
second of which typically involves an aperture correction 
even to compute the differential magnitude. Our ap- 
proach thus eliminates important systematic noise con- 
tributions and should perform significantly better than 
either method alone. 

We expect the photon and sky noise components of the 
image subtraction light curves to be similar to those de- 
rived from standard optimal aperture photometry. But 
since image subtraction photometry involves measure- 
ments on residuals (with at least an order of magnitude 
less flux, even for variable objects) resulting from the 
image subtraction optimization process, the light curves 
should be much less sensitive to errors in psf and aperture 
size. To test this assumption, we plot in Fig. [2] the RMS 
light curve spread as a function of magnitude over the du- 
ration of each observing run for the different photometry 
methods. We find that while doubling the aperture sizes 
(as explained in §4.1) offers improvement in photometric 
precision in the standard optimal aperture method, im- 
age subtraction photometry indeed significantly outper- 
forms both of these approaches. To assess each method in 
comparison with the expected uncertainties, we have es- 
timated the poisson and sky noise components, based on 
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the variable aperture size as a function of magnitude as 
well as the mean sky background value over all nights of 
each run. Apart from the brightest 3% of objects which 
are affected by our neglect of CCD non-linearity (I <14), 
the combination of image subtraction and optimal aper- 
ture selection produces light curves consistent with the 
analytically determined photon and sky noise floors plus 
a 0.002-0.0025 magnitude systematic uncertainty over 
the entirety of each run. These curves are shown in Fig. 
[21 they pass slightly below, as opposed to through the 
data distribution because of small systematics evidently 
unaccounted for in the sky background. Based on this 
assessment, we have adopted as our final dataset the im- 
age subtraction results for targets with I > 14, and light 
curves from standard aperture photometry with double- 
sized apertures for I < 14. 
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4.3. Absolute Photometry & Colors 

Because of the precision requirements of our observa- 
tions, it was not efficient to observe standard fields fre- 
quently or collect multi-color data. Telescope motion 
compromises object pixel placement and thus introduces 
flat-fielding error effects. Filter changes are also asso- 
ciated with focus shifts and small position increments 
which often degrade data quality. However, standard 
magnitudes and color information can be very useful in 
distinguishing between the intrinsic properties of differ- 
ent variable sources. As a compromise, we obtained 
one or two i?-band exposures of each /-band field ev- 
ery night. To derive the Cousins R and I magnitudes, 
we also observed a spatially dense Stetson photometric 
standard field in NGC 2818 at several different airmasses 
and performed aperture-corrected photometry on over 
500 stars with available Stetson R and / magnitudes 
(|Stetsonll2000( ). The conversions from the CTIO filter 
("r" and "i") magnitudes was determined by fitting the 
following linear trends across a wide range of magnitudes 
and colors, as well as several airmass values (X): 

I = i+ (ej + kjX){R - I) + kiX + Zj 

R=r + (e R + k' R X)(R - I) + k R X + Z R 

R- I = e R i(r -i) + Z RI , 

where e is an extinction coefficient and k denotes an air- 
mass coefficient. Aperture-corrected photometry of these 
sources resulted in an i?-band zero point Z R = 22.908, 
/-band zero point of Zj — 22.140, and small airmass 
coefficients (kj ~ —0.06; kj ~ 0.002) consistent with 
typical values for CTIO. Based on these conversions, we 
derived average Cousins R and / magnitudes for all tar- 
gets in the field within the linearity limit corresponding 
to / ^12.5. Since the airmass during our observations 
was restricted to be less than 2 while the R — I values 
of our targets covered a range of ~2.0, the small value 
of the color-dependent extinction coefficient (fcj) suggests 
that we are justified in neglecting the flux-airmass trends 
described in §4.1. These secondary color effects should 
contribute at most 0.004 magnitudes of variation to the 
light curves- generally far less than other sources of noise 
and variability, and therefore difficult to remove without 
compromising the data. 
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Fig. 2. — Spread of photometry over the duration of each observ- 
ing run, as a function of magnitude for three methods of variable- 
aperture photometry. The 2007 field is represented on the top, 
while the 2008 field is on the bottom. Blue dots represent pho- 
tometry with the calculated optimal apertures, black dots are the 
same photometry with double-sized apertures, and red dots are the 
result of image subtraction followed by photometry with optimal- 
sized apertures. While the first two methods exhibit systematic 
errors particularly in the middle magnitude range, the trends for 
image subtraction photometry in both fields are well described by 
a combination of photon noise, sky background, and a small sys- 
tematic contribution. Larger deviations at the bright end are due 
in part to CCD non-linearity. Points lying significantly above the 
trend signify variable objects or erroneous photometry (e.g., bad 
pixel or saturation effects) that was later removed. 

The majority of objects in our cluster sample were also 
detected in the 2MASS survey, which provides J, H, and 
ZT s -band data. We cross-referenced the positions of likely 
cluster members to identify all 2MASS sources in our 
sample. Since young VLMSs and BDs have very red 
colors, all but the faintest (e.g., / > 20) have J/H/K s 
detections. Table 2 contains a compilation of our own ab- 
solute photometry of confirmed and candidate er Orionis 
members, along with the corresponding 2MASS magni- 
tudes. For objects covered in prior photometric surveys, 
our / and R values are in good agreement with those re- 
ported previously. For example, pho tometric data for the 
59 objects in our fields observed by iSherrv et al.l ([20041 ) 
show an average offset of 0.025±0.10 magnitudes in the 
/ band and 0.035±0.20 magnitudes in the R band when 



compared to our values. The scatter is consistent with 
that expected from both the listed uncertainties and in- 
trinsic variability. 

5. PERIODIC VARIABILITY DETECTION 

A major focus of our photometric campaign is the 
detection of variability on short time scales (i.e., 1-10 
hours). It is in this regime that observations of sur- 
prisingly fast-rotating VLMSs and BDs have been re- 
ported and the new phenomeno n of deuterium-burnin g 
pulsation has also been proposed ([Palla fc Bar affc 2005). 
Rotating magnetic spots on young low-mass stars typ- 
ically manifest themselves at a level of a few percent 
in light curves, whereas amplitudes of the pulsation 
effect are thus far u nconstrained by existing theory 
(|Palla fc B araffc 20051). Therefore it is crucial to probe 
the data for potentially weak signals, with careful at- 
tention to the noise limit, which is generally frequency- 
dependent. In designing the observational set-up, we 
selected cadences to provide sensitivity to these short 
periods. Since our data are very evenly spaced, mod- 
ulo daytime gaps (we were fortunate in that nighttime 
weather was completely pristine), the Nyquist limit stip- 
ulates that signals may be detected up to half the sam- 
pling frequency- corresponding to 15-minute time scales 
in the 2007 observations, and 23-minute time scales for 
those from 2008. Because of the long time baseline for 
each run, we are also sensitive to periodicities up to the 
total observing run duration (12 and 11 days for the re- 
spective runs). However, since most types of photometric 
errors produce correlated ( "red" ) noise on night-to-night 
time scales, the minimum detectable variability level at 
low frequencies is generally a factor of a few higher than 
amplitudes observable at higher frequencies (shorter time 
scales; see Fig. [3J. 

Prior surveys of the region around a Ori have gener- 
ated a fairly large sample of low-mass cluster objects in 
which to search for variability (e.g., Table 1). Neverthe- 
less, the census may not be 100% complete in our selected 
regions. To include young VLMSs and BDs that may 
have escaped previous identification via color-magnitude 
diagrams, we have produced light curves for all ^3200 
unsaturated point sources in the two fields. To avoid bi- 
ases in variability classification, all subsequent analysis 
was performed without regard to the objects' member- 
ship status. In this way, we can identify new a Ori can- 
didates as well as potentially interesting field stars that 
happen to lie in the field of view. We have searched for 
periodicities before performing a more generic variability 
search (§6) to limit the number of variables contaminat- 
ing our analysis of photometric uncertainty as a function 
of magnitude. 

5.1. Periodogram Analysis 

As an initial test for periodic variabilit y in the data, , 
we produced Lomb-Scargle periodograms (|Scargldll982l) 
for all light curves. False alarm probabilities (FAP) for 
detected peaks were dete rmined from the prescription of 
iHorne fc Baliunasl ()1986l ). which is valid even for datasets 
with non-uniform time spacing. They estimated FAPs 
based on large simulations of data with added gaussian 
noise, and their result depends on the number of inde- 
pendent frequencies, which they denote iVj. The formula 
for the parameter iVj is a function of the total number of 
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Fig. 3. — Average Lomb-Scargle periodogram for the ensemble 
of 2007 (top) and 2008 (bottom) data. Dashed lines show the 
analytically determined 99% detection limit, as estimated with the 
Lomb-Scargle formalism. Red curves indicate our fit to the noise 
as a function of frequency, disregarding the systematic peaks at 
integer values. The roughly constant noise floor continues out to 
the Nyqyist limit at ~65 (2008) and ~100 c d" 1 (2007). 

data points and has been show n to significan tly overesti- 
mate FAPs for small datasets ([Rccgen 2007). This issue 
is not of great concern to the current study, given the 300- 
500 points from each run. However, the test must still 
be used with caution, since it assumes all noise sources 
are white. In reality, the frequency-dependent red noise 
contributes significantly to the light curve RMS on ~ 
1-day and longer time scales. Consequently, FAPs can 
be severely underestimated at low frequency and some- 
what overestimated at high frequency. The results of 
the Lomb-Scargle test are nevertheless suitable for elimi- 
nating targets with no detected variability from the sam- 
ple. With a selection criterion of FAP<1%, we assembled 
an initial set of possible periodic variables for additional 
analysis. 

The collection of Lomb-Scargle periodograms for all 
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targets- variable or not- is also a useful tool for identi- 
fying systematic effects in the data that may cause cer- 
tain frequencies to consistently appear at artificially high 
probability. This effect is often seen when color- airmass 
effects are not taken into account in the light curves, re- 
sulting in trends that mimic intra-night variability. Be- 
cause of the very uniform sampling of our datasets, we 
expect most of these spurious frequencies to occur at or 
near multiples of 1 cycle per day (cd _1 ). To quantita- 
tively map out these values, we constructed a histogram 
from all frequencies corresponding to peaks significant at 
the 99% level in the Lomb-Scargle periodogram. This di- 
agnostic plot confirms that there are indeed pile-ups near 
integer frequencies, and we discarded potential variabil- 
ity detections corresponding to periodogram peaks oc- 
curring only at these values. 

As an additional way to identify suspicious frequen- 
cies and examine the typical variability power distribu- 
tion in frequency-amplitude space, we also generated a 
mean periodogram from all ^1500 objects in each field, 
as seen in Fig. [3] This plot clearly displays not only the 
mathematical clustering of "significant" peaks around in- 
teger frequencies but also the steep increase in the noise 
floor toward low frequencies. We attribute this latter ef- 
fect to red noise and fit it with an exponential of form 
P = clq + <2i/(/ + di), where P is power, / is frequency, 
and do, ax, and 02 are constant fitting parameters such 
that power declines to matc h the white noise baseline at 
- Wed- 1 (e.g., "1//" noise; Ip7eall978h . The model for 
this 1// component was incorporated into our computa- 
tion of detection limits (§5.2). 

After removing from consideration targets with either 
no detectable variability or periodogram peaks only near 
integer frequency values, we performed additional anal- 
ysis on the remaining light curves. All exhibited one 
or more peaks at the 99% significance level in the peri- 
odogram. To further probe these signals, we employed 
the program Period04 (iLenz fc Bregerl2005l) . which com- 
putes a fourier transform ( DeemingT 19751) of the light 
curve and may also be applied to time series with gaps. 
Results are similar to the Lomb-Scargle periodogram, 
but the program oversamples frequencies by a factor of 20 
and contains an extended analysis package to calculate 
phases, subtract out signals, and search for periodicities 
at lower levels. Our input light curves were shifted to zero 
mean and cleaned of outliers at more than 4 standard de- 
viations. Period04 includes an option to assign weights to 
each data point, such that deviant points do not overly 
influence the determination of the periodogram. How- 
ever, based on our assessment of light curve RMS as a 
function of magnitude we conclude that uncertainties are 
difficult to determine on a point-to-point basis. We be- 
lieve the approach of neglecting weights but removing 
clear outliers is therefore sufficient to accurately identify 
the frequencies of variability in the sample. 

For each light curve, we used Period04 to identify the 
largest peak in the periodogram and extract a prelim- 
inary amplitude and phase for each epoch of observa- 
tion. We then used the program to perform a non-linear 
least-squares fit for frequency, amplitude, and phase. A 
corresponding sinusoid was then subtracted from the 
light curve (this procedure is known as "prewhitcn- 
ing") and a new periodogram was produced. We ex- 
amined the residuals to determine whether they con- 



tained further significant frequencies or were consistent 
noise. If another suspected peak appeared, the data were 
once again prewhitened and the original ligh t curve sub- 
jected to a multiper iodic least-squares fit (|Sperll 119981 : 
ILenz fc Bregerl [20051 ) . We repeated the process until 
all significant fourier components were extracted from 
the data. While significant harmonics appeared in cases 
where periodic variability was not completely sinusoidal, 
in no case did we identify multiple unassociated periods 
in a single object. 

The statistical significance of identified peaks is diffi- 
cult to determine directly but can be estimated from the 
noise properties of the periodogram. One criterion for 
detection of a signal to bette r than 99.9% certainty pro- 
posed by (iBreger et al.lll993[) requires S/N>4 in the am- 
plitude spectrum (see also lKuschnig et al.lll997t ) . For in- 
dividual periodograms, noise levels were computed from 
the prewhitened periodogram as a running mean over 
boxes of 10 cd _1 in frequency. We confirmed that no 
peaks remained at more than four times the noise base- 
line. As an additional check that all significant periodic 
components were removed from the data, we examined 
the light curve residuals and compared them to the typi- 
cal RMS of non- variable objects with similar magnitudes 
(as shown in Fig. [2]). The values were generally consis- 
tent with the noise in the non- variable targets. 

Errors for the derived frequencies and amplitudes can 
be computed analytically in terms of the average light 
curve noise and number of data points IBreger et al.1 
(1999), but this approach is known to underestimate the 
true uncertainties. The least-squares fit also provides an 
error matrix, but neither of these methods fully account 
for the properties of noise in the frequency domain. We 
have therefore opted to run a set of 500 Monte Carlo sim- 
ulations with Period04 for each object displaying periodic 
variability. The detected signals are extracted, and re- 
maining noise data points are randomly rearranged such 
that the original timestamps are preserved. The iden- 
tification of periodogram peaks and least-squares fit to 
the light curve is then carried out as before for each sim- 
ulated light curve. The distribution of frequencies and 
amplitudes returned by these simulations then determine 
our uncertainties. Since the distributions are not strictly 
gaussian, we estimate 1-er uncertainties based on the val- 
ues enclosing 68% of the simulated data. For signals that 
are near the detection limit, the simulations take into 
account the possibility that noise causes an alias to be 
selected instead of the true peak. This effect is included 
in our uncertainties listed in Table 3, which are provided 
at the 3-cr level. 

5.2. Detection Limits 

Knowledge of our sensitivity to light curve periodic- 
ities as a function of both amplitude and frequency is 
crucial to determining whether lack of variability in some 
objects is related to detection techniques or real physi- 
cal properties. In the presence of pure white noise, the 
signal-to-noise ratio for detection of a periodic signal in 
a periodogram scales as A^/N / (2a), where A is the am- 
plitude, N is the total number of data points, and a is 
the photometric uncertainty. Therefore, for long time se- 
ries it is possible to detect signals with amplitudes well 
below the level of the uncertainties in light curves. For 
example, data from our 12-night CTIO observations in 
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2007 reach a noise level of 0.001 magnitudes in the pe- 
riodogram for objects near 1=17, making detections as 
low as ~ 0.004 magnitudes (e.g., S/N=4) possible. Red 
noise diminishes our ability to distinguish signals below 
about 5-10 cd -1 , or periods longer than a few hours. But 
across most of the frequency spectrum, sensitivity to pe- 
riodicities is nearly uniform since the time sampling for 
both runs was uninterrupted, apart from the consistent 
daily gaps. We find the mean periodogram to be entirely 
adequate in eliminating the anomalous peaks, and be- 
cause of our relatively uniform sampling do not find any 
deviations other than multiples of one cycle per day. 

Nevertheless, we must also determine the frequency 
dependence of our sensitivity to periodic signals, in the 
presence of red noise. We therefore measure the mean 
noise level at four characteristic frequencies (0.1, 1.2, 7.4, 
and 15.2 cd _1 ; corresponding to periods of 10 days, 0.8 
days, 3.2 hours, and 1.6 hours) at intervals of 0.5 magni- 
tudes. The mean noise levels are determined by generat- 
ing periodograms for all objects not displaying variability 
(as measured by an RMS within 1— a of the median for 
that magnitude). We then measure the power in the 
periodograms at each of the four frequencies, and av- 
erage together the values in 0.5-magnitude bins. Since 
we expect to be able to detect periodic amplitudes at 
four times the noise level, we have plotted these results, 
multiplied by a factor of 4.0, in Fig. |4] These values rep- 
resent the minimum amplitude detectable in a periodic 
variable, as a function of period and magnitude. 

In some cases, objects displayed signs of variability 
that were too weak to confirm. Those with unexpectedly 
high residual RMS but no obvious periodogram peaks 
were set aside for further analysis as part of the aperiodic 
variability group (§6). For targets with a possible peak 
in the periodogram just below the S/N>4 criterion, we 
analyzed the light curves produced by both image sub- 
traction and standard aperture photometry; because of 
the slightly different processing, occasionally a low-level 
signal appeared with one method but not the others. For 
the particularly faint BDs with photometry was subject 
to large sky background noise, we required the peak to 
pass several tests for detection. First, when the putative 
signal is subtracted from the light curve, any other high- 
amplitude structure in its immediate vicinity (e.g, within 
~ 5 cd _1 ) must also disappear. Peaks that prove difficult 
to remove cleanly are typical of noise. Furthermore, we 
look for signals with one distinct peak, as opposed to two 
or more of roughly equal height separated by ~1 cd _1 . 
Multiple peaks this close are not probable given the types 
of variability expected in VLMSs and BDs (e.g., one peak 
corresponding to the rotation period, and one or more 
additional peaks due to rotation of a binary companion 
or pulsation, for which overtones should be separated by 
at least 5 cd _1 ). 

The final sample of periodic variables contains 84 ob- 
jects with clear variability by all criteria. Phased light 
curves for these targets are presented in Fig. [5j and their 
measured properties are listed in Table 3. The majority 
are VLMSs with roughly sinusoidal variability. However, 
the shapes of 19 are more characteristic of traditional 
pulsators or eclipsing binaries, and their blue colors are 
indicative of locations in the background field. For com- 
pleteness, these are included in Table 3 as well. We have 
also identified a small number of objects with possible 
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Fig. 4. — Relative to the left axis, spread in photometry as a 
function of magnitude (top: 2007 data; bottom: 2008 data). De- 
tected periodic variables are marked as blue dots, while confirmed 
and likely cluster members appear as red circles. Relative to the 
right axis, we plot the 99% sensitivity amplitude limit to periodic 
variability on four different time scales. From the top curve to bot- 
tom, these correspond to periods of 10 days, 0.8 days, 3.2 hours, 
and 1.6 hours. The 2007 field contains 1493 data points, while that 
from 2008 has 1683. Fewer objects appear at the bright end in the 
2007 field because of variations in the underlying distribution of 
stellar magnitudes and also slightly different saturation limit. 

but questionable periodic variability. In these cases, the 
RMS of the residual light curves remains significantly 
larger than the expected noise level after subtraction of 
the detected signal. Objects in this small sample may 
consist of either undulating noise levels or other sources 
of non-periodic variability and are noted as unknown 
variable type in Table 3. 

6. APERIODIC VARIABILITY DETECTION 

Past monitoring campaigns have revealed not only 
well-behaved periodic variability among low-mass young 
cluster members, but also sporadic, aperiodic brightness 
fluctuations likely indicative of accretion or time- variable 
disk extinction. While the light curves are a challenge to 
analyze quantitatively, their features offer clues into the 
mechanisms behind star-disk interaction. To fully mine 
our data for variables of all types, we have subjected the 
light curves to a battery of statistical tests in addition to 
the periodogram analysis. We examine the RMS mag- 
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Fig. 5. — Differential light curves with detected periodic variability, in order of right ascension. First and third rows show the original 
light curve, while those in the second and fourth rows are phased to the detected period. There are also a few that are not likely cluster 
members; membership status is listed in Table 3. Only the first panel of the figure is depicted here; Fig. 5 in its entirety is available in the 
online version of the Journal as well as www.astro.caltech.edu/-amc/SigmaOri.html 

obvious in Fig. 0]- indicating variability of a more erratic 
sort. 



nitude spread for light curves of all objects in each of 
the two observed fields, as shown in Fig. @] Such plots 
are standard tools for not only assessing the photomet- 
ric performance, but also identifying outliers whose light 
curve RMS greatly exceeds the expected precision and 
hence suggests underlying variability. While the overall 
spread in light curves is well modeled by a combination 
of poisson errors, sky background, and a small system- 
atic uncertainty (^0.002 magnitudes), many outliers that 
were not identified through the periodogram analysis are 



6.1. Chi- squared analysis 

To distinguish between true variables and photometric 
errors, we disregarded targets with photometry clearly 
affected by bad pixels, saturation, or close proximity to 
neighboring stars, as the large RMS values are due to 
measurement issues rather than intrinsic variability. We 
subjected the remaining group of objects with inexplica- 
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bly large RMS to a reduced Chi-squared criterion: if the 
photometric uncertainty of an individual data point x% is 
<7i, then for a light curve with mean and N total points, 
we have: 



X 



= S- 



'■{N-iy 



In addition, the measured standard deviation of the light 
curve, a, is given by: 



(N-iy 

If the individual photometric uncertainties are well rep- 
resented by some typical value dependent on the object 
magnitude m, e.g., <7j ~ (Tt yp (m), then we see that the 
reduced \ 2 criterion translates to a requirement on the 
standard deviation: 
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To detect aperiodic variables with an estimated 99% cer- 
tainty, we select only light curves with \ 2 > 6.6, or equiv- 
alently, a spread of more than 2.58 times the photomet- 
ric uncertainty. These values are approximate, since the 
noise is not strictly gaussian, as assumed by the statistics. 
We estimated typical photometric uncertainties by per- 
forming a median fit as follows to the RMS as a function 
of magnitude using the combined poisson, sky, and sys- 
tematic noise model: The values of all three noise sources 
were fixed (as a function of magnitude) according to the 
noise model components derived in §4.2. A constant was 
then added to the model and adjusted such that half of 
the RMS light curve values lay above the model, and 
half lay below. The detected periodic variables as well 
as all 3-<7 outliers were rejected, and the fitting process 
was iterated until the median-fit function did not change. 
The variability detection cut-off was then taken to be the 
median fit, raised by a factor of 2.58. These curves are 
superimposed on the data in Fig. [6j 

Like the periodic variability search, the excess RMS 
analysis was conducted on all objects with available pho- 
tometry, irrespective of cluster membership status. Af- 
ter selection of probable variables via the % 2 criterion, 
we overplotted in Fig. [6] those confirmed or likely to be 
members. It is evident that the vast majority of high- 
amplitude variables in our fields are known a Ori mem- 
bers, and the remainder are therefore good candidates. 
Objects exhibiting large RMS light curve spreads but not 
shown as variables (green dots) in Fig. [6] were already 
found to be periodic (e.g., §5) and displayed instead in 
Fig. |H Quite a few of the identified periodic variables lie 
below the \ 2 detection threshold, indicating the power of 
the periodogram for identification of variability isolated 
to specific frequencies. In addition to the \ 2 test, we 
probed all light curves for varia bility by calcu lating the 
single-band Stetson index (e.g., IStetsorj Il996h . which is 
a measure of the degree of correlation between succes- 
sive data points. The distribution of Stetson index as 
a function of magnitude was fairly tight, such that the 
number of variables selected was relatively insensitive to 
the threshold chosen for variability detection. While this 
test confirmed all cases of aperiodic variability uncov- 
ered with the x 2 criterion and a number of the previously 
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Fig. 6. — Same as Figure 4, except now showing aperiodic vari- 
ables in green. We plot the estimated total contributions from 
poisson, sky, and systematic noise, shifted upward by 0.12 dex so 
as to match the median of the data (solid line). The curve corre- 
sponding to 99% probability of variability detection via the \ 2 test 
appears above this. 

identified periodic variables, it did not reveal any addi- 
tional variable objects. This result may reflect a large 
typical intrinsic light curve scatter for the aperiodic vari- 
ables in our sample. 

In total, we identified 42 aperiodic variables, as listed 
in Table 4 and shown in Fig. [7] In order to explore the 
relationship between erratic variability and the presence 
of disks and accretion, we have noted the objects in Ta- 
ble 1 with observed infrared or near-infrared excess, and 
also provide the Ha equivalent width where available in 
Table 4; in §7.4 we discuss the correspondence between 
these quantities. 

6.2. Sensitivity to combined aperiodic and periodic 
variability 

In §5.2 we simulated our sensitivity to photometric pe- 
riodicities at different frequencies by assuming that the 
underlying light curves are well represented by a com- 
bination of simple noise sources (white and red) and a 
single sinusoidal signal. However, the large number of 
aperiodic variables detected via the x 2 test indicates that 
many light curves are in fact dominated by other types 
of variability, such as that associated with accretion. In 
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Fig. 7. — Light curves selected as aperiodic based on large \ 2 values and lack of periodicities. Objects are arranged in order of right 
ascension, and membership information is available in Table 4. The left column displays the full /-band light curves, while the middle 
shows the same data at the reduced cadence corresponding to the i?-band observations. The right column shows R-I color trends. Figure 5 
in its entirety is available in the online version of the Journal as well as www.astro.calt6ch.edu/-amc/Sigma0ri.html 



these cases, we may not be able to detect periodicities su- 
perimposed on the larger-amplitude erratic fluctuations. 
We have investigated this reduction in sensitivity by in- 
jecting sinusoids of various frequency and amplitude into 
the light curves of a large subset of our aperiodic vari- 
ables. The sample includes objects with RMS ranging 
from 0.01 to 0.3 magnitudes and /-band brightnesses 
from 12.0 to 17.5 magnitudes. We then attempted to 
recover the injected signals in the periodograms. The er- 



ratic nature of these light curves produces a steep trend 
in the frequency domain similar to the red noise from 
correlated photometric errors, but reaching higher am- 
plitudes. 

Since detection of periodic variability is frequency de- 
pendent, we have performed signal recovery tests in 
three regimes: frequencies less than 1 cd _1 (e.g., periods 
greater than 1 day), frequencies between 1 and 3 cd _1 , 
and frequencies greater than 3 cd _1 . These domains were 
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chosen based on the typical exponential shape that we 
find for periodograms in our aperiodic variable sample. 
Our tests indicate that the periodogram noise levels for 
these objects are well correlated with the RMS spread 
in their light curves, regardless of brightness. This RMS 
ranges from 0.01 to 0.4 (see Table 3) and should not 
be confused with the photometric noise level, which is 
typically much smaller. Amplitudes of the injected sig- 
nals ranged from 25-400% of the RMS for the two lower 
frequency regimes and 5-50% of the RMS for the high 
frequency regime. 

Most of the injected signals appeared clearly in the 
periodogram, but the decision as to whether they were 
"detectable" depended on the surrounding noise level. 
For frequencies less than 1 cd -1 , the mean periodogram 
noise is approximately the light curve RMS divided by 
2.2 (e.g., ~0.45xRMS), whereas for frequencies from 1 
to 3 cd _1 , this decreases to the RMS divided by 2.9 
(e.g., ~0.34xRMS). Noise in the periodograms of ape- 
riodic variables decreases drastically toward higher fre- 
quencies or short periods, and consequently for frequen- 
cies beyond 3 cd^ 1 , the mean periodogram noise level 
decreases to RMS/23 (e.g., -0.04xRMS). Detectability 
of a periodic signal requires an amplitude of at least 
4.0 times the periodogram noise level. Therefore, our 
ability to detect periodic signals superimposed on aperi- 
odic variability requires periodic amplitudes larger than 
~1.8xRMS, ~1.36xRMS, and ~0.16xRMS in the three 
respective frequency ranges. Based on a median peri- 
odic variability amplitude of 0.02 magnitudes, we then 
expect to detect both aperiodic and periodic variability 
in cases where the period is less than eight hours (e.g., 
frequency >3 cd _1 ) and the RMS of aperiodic variabil- 
ity is less than 0.13 magnitudes. It may also be possible 
to detect periodicities with longer periods, but only if 
the RMS of aperiodic variability is near 0.01- an uncom- 
mon occurrence, according to Table 3. We conclude that 
it is a challenge to identify both periodic and aperiodic 
variability in individual objects because of the different 
characteristic amplitudes of these phenomena. 

7. VARIABILITY IN THE CONTEXT OF STELLAR AND 
CIRCUMSTELLAR PROPERTIES 

We have identified 126 variables in our fields, includ- 
ing at least 107 suspected a Ori members (101 of these 
are previously proposed members and six are candidate 
members newly identified here). In Fig. [8] we present 
R-I versus / optical color-magnitude diagrams derived 
from our photometric data (§4. 3) and overplq t ted w ith 3 
Myr theoretical isochro n es from [Baraffc et al. (199<f) and 
iD'Antona fc Mazzitellil ()1997l ). incorporating a conver- 
sion to photospheric colors using color-temperature and 
bolometric-correction-tem perature relationsh ips, along 
with a distance of 440 pc ([Sherry et al.ll2008t) . The vast 
majority of the variables fall above the main sequence 
and along a possible young cluster sequence. This find- 
ing confirms that single-band photometric monitoring is 
an efficient way to identify pre-main-sequence low-mass 
stars and brown dwarfs, and thus an effective technique 
in fields where the pre-main-sequence stars do not stand 
out in color-magnitude diagrams as distinct from the field 
stars. 

The light curves and their temporal properties offer 
insights into the origin and prevalence of brightness vari- 
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Fig. 8. — R and I color-magnitude diagrams for all objects with 
photometry (black dots) derived from our fields (top: 2008; bot- 
tom: 2007). Red circles are confirmed and candidate a Ori cluster 
members, while cyan filled circles are detected periodic variables 
and green filled circles are aperiodic vari a bles. We have overplot- 
ted 3- Myr isochrones f r om Baraffc et al. (1998) (solid curve) and 
ID'Anto na & Mazzitclli ( 1993) (dotted curve) to illustrate the theo- 
retic ally predicted sequen ce for young clust er members. Masses are 
from Baraffc et al. (1998), but those from D'Antona & Mazzitclli 
(119971 ) are similar. Spectral types shown were derived from the 
empirical relationship between R-I and spectral type among ob- 
jects in our data and a few from a Ori datasets in the literature. 
The two fields exhibit different average reddening due to spatial 
variations in extinction. 

ations, which we discuss in §7.1. Yet we can also make 
use of the rich array of data from previous spectroscopic 
studies (e.g., Table 1) as well as the Spitzer mission to 
analyze variability from several additional angles. In the 
forthcoming sections, we assess the correlations of vari- 
ability with stellar and circumstellar properties. The 
R-I photometry available from our work provides not 
only information on the relationship between brightness 
and color changes (§7.5), but also a means to investigate 
the mass-dependent properties of young stars and brown 
dwarfs (§7.3). In addition, we employ mid- infrared data 
to connect variability with the presence of disks around 
these objects (§7.4). 

7.1. Overall variability properties 
7.1.1. Variability classification and persistence 
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Characterization of variability can illuminate our un- 
derstanding of the physical processes that take place on 
and around few Myr old low-mass stars. We have iden- 
tified several types of variability among our sample of 
126 variables, including irregular variability and various 
forms of periodic variability such as spot modulated stel- 
lar rotation, pulsations, and full or partial eclipse signa- 
tures, as listed in Table 3. Among 147 previously known 
or suspected cluster members included in our photom- 
etry, the overall variability fraction is 69%, with irreg- 
ulars (27%) and periodic objects (42%) comprising this 
cluster sample. Furthermore, we uncovered 25 variables 
with no prior membership information, most of whose 
light curves resemble eclipsing binaries or short-period 
pulsators. However, six have colors consistent with mem- 
bership in a Ori and light curves consistent with either 
spot modulation or accretion. Since these six objects 
encompass a range of brightnesses, it is not clear as to 
why they they were missed in previous surveys. The new 
candidates are included in Table 1 and noted in Tables 
3 and 4 as possible members. Just under half (44%) of 
objects in the remaining 31% of our sample for which 
no variability is detected have strong evidence for a Ori 
membership based on Table 1. Hence we conclude that 
at least 15% of young cluster members may not display 
obvious brightness fluctuations on time scales up to two 
weeks. 

Among the 41 a Ori members in our fields previously 
identified as variable objects (35 aperiodic and 6 peri- 
odic; see Appendix A), we confirm variability in 33 (30 
aperiodic and 3 periodic); this suggests that the vari- 
ability mechanisms are long-term rather than sporadic 
phenomena. In the subset for which we do not redetect 
variability, there are no particular biases toward long or 
short time scale. We suspect that the combination of 
low numbers of data points, uneven time sampling, and 
underestimated uncertainties could have contributed to 
previous false detections in some cases. However, it is 
also possible that the variability mechanism itself turned 
off during the time of our observations. 

In addition to comparing our variability detections 
with those of other works, we can use our own repeat 
observations of the 2007 field to glean further informa- 
tion about the time scales on which various types of vari- 
ability operate. While the small number of data points 
per light curve (23, or two per night taken in 2008) pre- 
cludes detailed comparison of variability properties from 
one year to the next, we can nevertheless identify objects 
with high-amplitude variability persisting on this longer 
time scale. Of the 17 aperiodic variables found in our 
2007 field, we re-detect all of them again in 2008, based 
on the x 2 analysis described in §6.1. In addition, 22, or 
over 80%, of our 27 periodic variables identified as likely 
a Ori members in the 2007 field display significant vari- 
ability at a similar period (the majority agreed to within 
5%) in 2008. 

We can estimate a minimum characteristic timescale, 
T, on which the various types of variability operate by 
considering the set of all objects with repeat observa- 
tions separated by at least one year. In total, there are 
52 aperiodic variables that were either observed in both 
2007 and 2008 by us, or identified by another group and 
observed later by us. Of these, 47 displayed aperiodic 
variability during both sets of observations. We sup- 



pose that for a typical duration of accretion (or other 
source of aperiodic variability) T, the probability that 
variability will persist one year after its initial detection 
is p ~ e -1 / T . Taking this probability to equal 47/52, 
we find the typical characteristic for aperiodic variabil- 
ity time scale to be T ~ 10 years. A similar result is 
obtained using a binomial distribution to describe the 
probabilities for the outcomes of measuring variability. 

Likewise, we can perform the same analysis for the pe- 
riodic variables. In this case, 25 of 33 objects exhibited 
variability at roughly the same period during repeat ob- 
servations over one year apart. The corresponding time 
scale for persistence of periodic variability is then at least 
~4 years. Based on these results, we conclude that the 
types of variability present among these young cluster 
sources are long-lived in comparison to the objects' rota- 
tion periods (~1-10 days) as well as the intra- night time 
scale of abrupt light variations seen in aperiodic objects. 

7.1.2. Variability demographics across time scale and 

brightness 

In addition to visual classification of light curves, we 
can also consider variability properties in the time and 
magnitude domains. In doing so, it is important to un- 
derstand any selection or other effects that may mask 
certain kinds of variability from being observed. The 
observing set-up imposes practical constraints on vari- 
ability detection through photometric cadence, precision, 
interruptions, and total duration. These details trans- 
late into a maximum detectable amplitude for periodic 
variables and sets the range of detectable periods. The 
demographics of variability present additional considera- 
tions for our ability to classify light curve behavior. Some 
fraction of young stars and brown dwarfs may not have 
magnetic spots, or their surface features may be too small 
to induce observable variability and potentially infer a ro- 
tation period. Other objects may have multiple sources 
of variability (e.g., spots, accretion, circumstellar vari- 
ability) that are difficult to separate from each other. In 
what follows, we carefully consider the connection be- 
tween these effects and the variability trends that we 
have uncovered. 

In the time domain, our observations are sensitive to 
photometric periods between ^20 minutes and ~12 days, 
as discussed in §5. While we do encounter periodic vari- 
ability close to the longest possible time scales, we detect 
no periodicities on the shortest time scales- less than 7 
hours (e.g., Fig. H}. If this effect is the result of our pho- 
tometric sensitivity, then it should be explained by the 
detection limits determined in (§5 and §6). Instead, we 
find (Fig. |4]) that we are more sensitive to short periods 
and could recover signals down to 0.001 magnitude am- 
plitudes for objects brighter than 7=16, or signals with 
0.01 magnitude amplitudes out to I ~19 or 20. Another 
possibility is that we are somehow missing periodic vari- 
ability in cases where the light curves are dominated by 
aperiodic behavior. In §6.2 we concluded that we are 
likely to identify both types of variability in a single ob- 
ject only if the time scale for the periodic component 
is less than 8 hours and the light curve RMS is below 
^0.13 magnitudes. A number of the detected aperiodic 
variables do indeed have RMS values that satisfy this 
criterion (Table 4). Hence while detection limits may 
explain our failure to identify combinations of aperiodic 
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variability and longer time scale periodicity in single tar- 
gets, they do not account for the dearth of short-period 
variables. We conclude that the lack of periodic variabil- 
ity on time scales under 7 hours is a real physical effect. 

Changes in variability properties as a function of mag- 
nitude can also shed light on the properties of young stars 
and brown dwarfs. To estimate the correspondence be- 
tween mass, /-band magnitude, and R-I c olor, we have 
overla id 3 Myr theoretical isochrones fromlBaraffe et al.l 
(1998) and lD'Antona fc Mazzitellil (|1997t ) on our data in 
Fig. [8l Since reddening is low in a Ori, the observed 
R-I values are close to the intrinsic photospheric col- 
ors. Altho ugh mass prediction s are fairly uncertain at 
these ages ([Baraffe et al.l [20021 ). the two models agree 
well wi th each other and we have adopted the mass val- 
ues of iBaraffe et al.l ([1998). These estimates indicate 
that our dataset encompasses objects with masses from 
approximately 0.02 to 1.0 M@. The substellar limit, at 
^0.08 Mq, lies near 7=17 or spectral type M6. The spec- 
tral types shown in Fig. [8] were adopted directly from 
the objects in our a Orionis sample with available spec- 
troscopy (Table 1). 

We find variables of all types spanning the entire range 
of magnitudes, but Fig. [5] displays a subtle decrease in 
variable cluster members at the faint end, which might be 
explained by the decline in photometric sensitivity. For 
the subclass of variables identified as aperiodic, we note 
that the brightest objects have light curve RMS values 
from 0.03 to 0.2. Based on the detection limits described 
in §6, we lose sensitivity to this type of variability around 
an / magnitude of 18.0. For objects brighter than this 
limit, we find that aperiodic variables seem to populate 
the entire range of magnitudes, including a portion of the 
brown dwarf regime. Attributing aperiodic variability 
to accretion and its associated hot spots or fluctuating 
dust extinction levels, we do not find significant evidence 
for physical changes in these effects across the substellar 
boundary. 

Magnitude trends in periodic objects are slightly more 
difficult to determine, as they are dependent on period 
as well as the potential presence of aperiodic variability 
at larger amplitude. Our detection limits (Fig. [4} indi- 
cate that we are sensitive to amplitudes of ~0.01 mag- 
nitudes out to I ~18.5-19.5, depending on period. Thus 
we should be able to detect whether the properties of 
periodic variability are similar from the stellar through 
the brown dwarf regime. If we divide our sample into 
"bright" (I < 17) and "faint" (I > 17) groups, we find 
the fraction of periodically variable faint objects to be 
34±10%. Compared to the number of targets that are 
periodically variable at brighter magnitudes (46±6%), 
there appears to be a reduction in the fraction of variable 
members for faint magnitudes and thus lower mass. The 
significance level of this finding is difficult to assess since 
cluster membership status is not secure for many of the 
fainter objects. However, if we restrict our estimate to 
confirmed (e.g., via spectroscopy or infrared excess) clus- 
ter members, the periodic variability fractions are similar 
to those of uncertain cluster members: 45±7% for objects 
with I < 17, and 26±12% for those with I > 17. The 
majority of periodically variable cluster members display 
roughly sinusoidal light curves consistent with rotational 
modulation of stellar spots. Therefore the apparent re- 
duction in periodic variables toward fainter magnitudes 



suggests a difference in the photospheric properties of 
young brown dwarfs, as compared to the higher mass 
stars. 

7.2. Origin of periodic variability 

The periodic variability in our cluster sample is most 
likely due to spot modulation of the light curves. On 
time scales of 0.3-12 days and with amplitudes of 0.003- 
0.12 mag, the periods of the brightness changes among 
known and suspected cluster members are too long to 
be ex plained by the pulsation theory (jPalla fc Baraffd 
l2005h . We would have detected the shorter periods pre- 
dicted by the theory if they had amplitudes of ^0.001 
(bright sample; / <16) to 0.01 magnitudes (faint sam- 
ple; / ~20). Further, the roughly sinusoidal shapes of 
the periodic variables are not consistent with other va- 
rieties of pulsators or a population of eclipsing systems, 
apart from the 19 field objects listed in Table 3. In- 
stead, the time scales and amplitudes are compatible 
with modulation of spots that may be either cooler than 
the photosphere, as in active chromosphere models, or 
hot ter than the photosphere, as in accretion co lumn mod- 
els ([Carpenter et alJl200H liScholz et alJl2009t ). Compar- 
ison of theoretical spot models with multi-color photo- 
metric data has shown that both scenarios can produce 
larger amplitude l ight curves at shorter wavelength (e.g., 
iFrasca eta l. 2009) . Although we have a small sample of 
i?-band data points for each target, the color data are 
not extensive enough to allow for detailed modeling. In 
either case we assume that the periodicities extracted 
from our analysis can be attributed to rotational mod- 
ulation of surface inhomogencitics and directly adopted 
as rotation periods. 

7.3. Rotation rates in a Orionis 
7.3.1. Distribution with color/mass 

For "higher" mass (>0.3-0.4 M Q ) stars in the ONC, 
NGC 2264, and IC 348 clusters derived periods have 
in some cases revealed double-peaked distributions, 
with two groups clustered near 1-2 and 8-10 days 
dHerbst et al.l 120021 : lLamm et all 120051: ICieza fc Baliberl 
l2006h . For other young cluster datasets, the distribution 
is not bimodal but peak s near 3-5 days (jCieza fc Baliberl 
I2007t llrwin et all 12008). In contrast, our a Ori sample 
extends well into the brown dwarf regime and the corre- 
sponding periods cluster at short time scales, 1-2 days, 
with a uniform or exponentially decreasing tail extending 
out to and perhaps beyond 10 days. Only a few objects in 
the sample have periods in the 8-10 day range. Since the 
dataset includes a representative sampling of the a Ori 
IMF between ~0.02 and 1.0 Mq it is possible to search 
for trends in the period distribution along the color and 
magnitude axes. 

In Figs. l9l and [T0l we present the period as a function 
of R-I and /, both of which serve as a proxy for mass 
since extinction is low. Included are only those period- 
ically variable objects with solid or likely cluster mem- 
bership status based on colors and spectroscopic data 
available in the literature (Tables 1 and 3). In this way, 
contamination by periodicities of field variables should 
be negligible. Apart from one or two outliers, there is 
a significant decrease in period with progressively red- 
der color or fainter magnitude, implying that within this 
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mass range, lower mass objects rotate faster than the 
higher mass ones. Taking the substellar boundary to be 
near spectral type M6 or R-I ~ 1.9 and I ~ 16.5 (see 
Fig. [8]), there are nine brown dwarfs in the rotation sam- 
ple with periods ranging from ~7 hours to ~3 days. On 
the other hand, the higher mass stars with R-I < 1.3 
or / < 14.3 and M > 0.45Af Q have periods larger than 
4.5 days, with the exception of one object. The correla- 
tion of period with mass is statistically significant at the 
10 _6 -10 -5 level, depending on whether the test is run on 
period and color or period and magnitude. Masses esti- 
mated from photometry are dependent on the theoretical 
mod el used, and t h e valu es presented here are derived 
from iBaraffe et al.l (|1998|) , based on /-band magnitude 
and an age of 3 Myr. Previous works have used cut-offs 
between young "low" and "high" mass stars of spectral 
type M2.5 and masses of either 0.25 or 0.4 depe nding 
on the theoretical model (e.g., iHerbst et alT l2007'). We 
adopt a slightly higher value of 0.45 M corresponding 
to 7=14.3 and find that 78% of our sample falls in the 
low-mass end. 

An intriguing aspect of our data is that several regions 
of the color-period and magnitude-period diagrams are 
nearly devoid of data points. Only one cluster mem- 
ber appears with a rotation period less 14 hours. This 
finding cannot be a result of our detection limits, as our 
sensitivity increases on shorter time scales (§5.2). To 
test whether a short-period cut-off might be explained 
by the maximum allowed rotational velocities, we have 
estimated the periods required for break-up as a function 
of mass, using masse s an d radii from the 3 Myr models o f 
IBaraffe et aTT(|1998f) and lD'Antona fc MazziteThl (|1997t ). 
Break-up is assumed to occur when the centrifugal force 
from rotation exceeds self gravity; the results of these 
computations are shown in Figs. 191 and [TOT The break- 
up periods increase slowly with mass and range from 2 
to 7 hours, and thus there is a significant gap between 
the break-up curve and the observed rotation data. Con- 
sequently, some physical mechanism seems to limit the 
rotation speed of most low-mass objects to at most 40% 
of break-up, and even slower speeds at higher mass. 

In addition to a lack of variability on few-hour time 
scales, we also find a dearth of periodic variables in two 
other regions of the period-color and period-magnitude 
diagrams: from Figs. [91 and [TUl we see that only two blue 
objects (e.g., R-I <1.3, I <14.3, or spectral type earlier 
than M2.5) rotate with periods faster than 3 days, and 
only one of the redder objects (e.g., R-I > 1.5, I >15, 
or spectral types later than M3.5) rotates with a period 
greater than 3.2 days. It is these two largely empty re- 
gions that conspire to create the pattern of increasing 
period with mass. To confirm that this trend is not a 
data selection effect, we have explored several scenarios 
that might prevent detection of rotation periods in the 
two regions. 

As emphasized previously, our sensitivity to periodic 
signals increases on shorter time scales down to 20 min- 
utes; hence this does not explain the gap in period detec- 
tions at the bright end. However, detection also depends 
on variability amplitude. In Fig. [4j we have shown that 
we are sensitive to amplitudes of >0.001 magnitudes for 
the brightest (/ <16) and bluest objects. The entire sam- 
ple of periodic variables associated with rotation has a 
mean amplitude of 0.02 magnitudes, with a standard de- 
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Fig. 9. — Period of variables versus their R — I color. Variables 
without obvious periods are not included, nor are those periodic 
variables having colors inconsistent with cluster membership. Ob- 
jects with infrared excesses indicative of disks (§7.4) are marked 
as open circles, whereas objects without evidence of a disk are 
filled circles. In the top diagram, we have overplotted models of 
constant specific angular mome ntum (7) derived fr om radii pro- 
vide d by the 3 Myr isochron e s of Baraffc et al. (1998) (solid curve) 
and ID'Antona fe MazziteThl 1119971) (dotted). The dotted line at 
the right side represents the completion limit redward of which we 
cannot detect periodic signals of amplitude less than 0.007 mag- 
nitudes. In the bottom diagram, we overplot models of constant 
angular velocity from the same isochrones. In both plots, we show 
estimated break-up periods derived from mass and radii predicted 
by the same theoretical models. 

viation of 0.013 magnitudes. Thus we expect only a small 
fraction of periodic variables to display amplitudes less 
than 0.007 magnitudes. To determine whether a popula- 
tion of "missing" blue objects with such low amplitudes 
could explain the deficit of data points in the lower left 
portion of the color-period diagram, we examined the 
periodograms of all cluster members with R-I <1.3 and 
no detected variability. In the majority of these objects, 
we are able to rule out the presence of periodicities with 
amplitudes greater than 0.007 magnitudes. For those 
members that display aperiodic variability, identification 
of underlying periodicities is nearly impossible (see §6.2). 
However, we see no reason that the light curves of aperi- 
odic objects would contain periodic variability with pref- 
erentially short period, unless there is some additional 
spin-up due to ongoing accretion. Thus we tentatively 
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Fig. 10. — Period of variables versus their /-band magnitude. 
The sample, as well as the symbols and curves, are the same as 
in Fig. [9] Likewise in the bottom diagram, we show models of 
constant angular velocity. 

conclude that there is a real deficit of a Ori members 
blueward of R-I— 1.3 and 7=14.3 with periods less than 
3 days. 

The second empty region of the color-period diagram, 
where R-I >1.5 or I >15, displays an apparent boundary 
at periods over ^4 days. It is tempting to identify this 
as a physical trend, but not immediately clear whether it 
could simply reflect our diminished sensitivity to longer 
periods at faint magnitudes. To find the locus of col- 
ors, magnitudes, and periods for which we could detect 
periodic variability amplitudes as low as 0.007 magni- 
tudes, we averaged all periodograms of non- variable field 
objects in 0.5-magnitude bins. For each bin, we fit an 
exponential curve to the mean periodogram, as in Fig. 
[3] To detect a signal of amplitude 0.007, the noise level 
must be approximately 1/4 of this, or 0.0018 magnitudes. 
The point at which the exponential fit reaches this value 
was then taken to be the minimum frequency required 
for a detection. We then converted this frequency to pe- 
riod, and employed an empirical isochrone fit to Fig. 8 
to translate the /-band magnitude of each bin to an R-I 
value. The resulting set of data points from all mag- 
nitude bins forms a locus on the color-period diagram 
which declines steeply with color, as shown by the com- 
pleteness limit line in Fig. [9] Redward of this relation, 



we cannot uncover signals of amplitude less than 0.007 
magnitudes and thus the periodic sample may not be 
complete. The locus crosses our maximum detectable 
period, ~12 days, at R-I ^2.0 and reaches a period of 
1 day between R- 1=2.1 and 2.15. While several data 
points fall redward of this line (these detections had 
higher amplitudes), a large swath of the empty region 
still lies on the blue side and cannot be explained by the 
completeness limit. As with the other gap in the color- 
period and magnitude-period diagrams, a survey of the 
periodograms of non-variable objects shows no evidence 
of overlooked periodicities with amplitudes greater than 
0.007 magnitudes. It is once again possible that we may 
be missing periods in objects that are accreting and dis- 
play high-amplitude erratic variability or have very small 
surface spots, but we cannot explain why these effects 
would only occur for certain combinations of colors and 
periods. Consequently, the trend of increasing period 
with decreasing color seen in Figs. [9] and [10] appear to 
reflect a physical correlation between rotation and mass. 

To explore whether the gaps found in our period-color 
and period-magnitude diagrams are a general feature 
of young star and brown dwarf rotation, we have com- 
pared our data to the period-mass distribut ions of the 
simil a r age clusters NGC 2 264 (^2 Myr; lLamm et al.l 
[2005t llrwiri fcBouvierl [20091 ) and NGC 2362 (-5 Myr; 
llrwin et al]|2008[ ). We in fact find quite a few objects 
with periods from 1-3 days across all masses. Nev- 
ertheless, there does appear to be a relative deficit of 
fast rotators at higher mass, as well as slow rotators 
at lower mass, similar to a Orionis. To compare rota- 
tion data from the three clusters more quantitatively, we 
have plotted them together in Fig. [TT] J-band magni- 
tudes from each se t have been transfo rmed to masses 
using the models of iBaraffe et al.l ()1998l ) , as well as clus- 
ter distances and J-band extinctions. Although there 
are inherent uncertainties to the theoretical models at 
this age, the systematic errors should be similar for each 
cluster. Superimposed on the data in Fig. [11] are me- 
dian fits to each set of periods and masses, which are 
remarkably similar for each of the three clusters, partic- 
ularly for masses below 0.4 Mq. In addition, the rotation 
distributions in all three clusters appear to transition to 
longer periods above this mass (which is model depen- 
dent and corresponds roughly to I ~14.5 for a Orionis. 
A Kolmogorov-Smirnov test reveals no significant differ- 
ences between the three period distributions from the 
brown dwarf regime up to 0.5 Mq where our own data 
peter out. 

7.3.2. Connection to internal structure and surface 

physics 

The measured periods and amplitudes can inform us 
about the angular momentum and magnetic field prop- 
erties of very low mass stars and brown dwarfs. The fact 
that rotation period seems to be connected with color 
or magnitude, and hence mass, implies that a physical 
conservation law may be at work. 

Light curve period, P, is related to specific angular mo- 
mentum, j, via j oc R 2 1 P. If specific angular momentum 
from the natal cluster gas is conserved among er Ori mem- 
bers, then we expect periods to scale as R 2 . The actual 
radii of our sample objects are unknown, but theoretical 
models predict their values with significant uncertainty 
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Fig. 11. — Period of vari ables in our a Ori onis sample (open 
circles), NGC 2264 (stars; iLamm et al.l [2^0511 . and NGC 2362 
(small circles; Irwin ct al. 2008) versus estim ated mass based on I - 
band magnitude and the theoretical models of Baraffc ct al. ( 1998). 
Curves show the the median period in 0.1 Mp, bins (or . 15 Mp , 
for our sparser data): a dash-dott ed line for ILamm et al.l (2005), 
dashed line for [Irwin ct al. (2008), and a solid line for our own 
data, which stops at ~0.55Mq. 

due to lack of information about ini tial conditions, opac - 
ity, and treatment of convection (IBaraffe et al.l [2 002). 
We h ave used the 3 Myr isochrones o f IBaraffe et al.l 
(|1998ft and lD'Antona fc Mazziteliil (|1997l ) to estimate R 2 
as a function of mass. Converting masses to R-I and I 
as in Fig. [5J determination of a relationship between pe- 
riod and color requires the selection of a scaling constant 
to represent fixed specific angular momentum. Since 
the moments of inertia of young, low-mass objects are 
not well known, we have simply used one end of the 
observed color-period relation to anchor the calculated 
constant angular momentum function. We present the 
results in Fig s. [9] and [10] (top panels) for data fro m both 
IBaraffe et all (|1998f) and lD'Antona fc MazziteTIil (|1997t ); 
both curves fit the color-period data sur prisingly well- 
In par ticular, the model derived from the IBaraffe et al.1 
(1998) isochrone can be adjusted so as to pass through 
the center of the data, reproducing the "gaps" seen in the 
lower left and upper right quadrants of the color-period 
diagram. 

If young (~3-5 Myr) stars maintain constant angular 
velocity rather than angular momentum, we would ex- 
pect periods to scale as R instead of R 2 . Although there 
is reason to believe that indiv idual stars may ev olve at 
constant angular momentum (|Rebull et al.l I2004I e.g.,), 
we have adopted this model primarily to illustrate how 
much freedom there is in fitting the data. We gen- 
erated a constant angular velocity curve in the same 
way as we did for specific angular momentum and once 
again anchored one end to the observational data. As 
shown at the bottom of Figs. [5] and [TOl this function 
fits the observed periods and colors almost as well as 
the R 2 model, although two curves derived from the 
iD'Antona fc MazzitelhT()1997l ) isochrone are a bit flat- 
ter than the data. So while there certainly seems to be a 
trend in periods with color and magnitude, it is not tight 
enough to conclusively determine its cause. In addition, 
a single outlier (2MASS J05391883-0230531) at R-I=0.7 
and a clear period of 1.8 days confounds the idea. 
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Fig. 12. — Periods and amplitudes of variable a Orionis members. 
Most error bars are smaller than the size of the points. 

While observed period may tell us something about 
physical properties of the variability mechanisms in the 
very-low-mass regime, light curve amplitude can also of- 
fer valuable information. This parameter is related to 
surface spot coverage and contrast. In Fig. [12l we show 
amplitude as a function of period for the sample of vari- 
ables with good a Ori membership information. Short- 
period rotators appear slightly more likely to have am- 
plitudes below 0.04 magnitudes than those with periods 
greater than 5 days, but it is difficult to sort out obser- 
vational biases from this effect. Although different spot 
configurations may produce the same brightness pat- 
terns, we estimate a typical spot coverage of at least ^2% 
based on the median 0.02-magnitude light curve ampli- 
tudes, assuming black spots. If, on the other hand, the 
temperature contrast between spots and the surrounding 
photosphere is closer to 80% (e.g., T spo t/Tphot), then cov- 
erage increases to ^10%. Such contrasts and amplitudes 
are characteristic of either co ol or hot spot cover ing frac- 
tions in young star samples (|Frasca et al.l 120091 ) . Since 
amplitude does not appear to be correlated with period 
or color, we suggest that the mechanism producing the 
spots does not vary appreciably with rotation and pos- 
sibly mass. Furthermore, because the majority of our 
objects are expected to be fully convective, the lack of 
correlation between spot coverage and other parameters 
may be indicative of uniform magnetic properties across 
the low-mass regime. 

7.4. The relationship between variability and 
circumstellar disks 

Disks around young stars can be readily identified 
through thermal emission from circumstellar dust, man- 
ifest as infrared excess, or from gaseous emission lines 
attributed to accretion and outflow processes close to 
the star and seen spectroscopically. In this section we 
investigate the correlation between optical photometric 
variability and the evidence for circumstellar dust and 
gas. 

We cross-referenced o ur photometric sample with that 
of lLuhman et al.l (|2008f ) . which provides Spitzer Infrared 
Array Camera (IRAC; 3.6-8.0 /zm) photometry derived 
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from the observations of iHernandez et aTl ((2007). We 
find that 133 of 153 confirmed or candidate a Ori mem- 
bers in our time series dataset have Spitzer photometry, 
including 57 of 65 cluster periodic variables. IRAC pho- 
tometry enables nearly unambiguous iden tification of un- 
evolve d disks in this cluster, as noted by iLuhman et al.1 
(2008). The a Orionis observations are unique among 
nearby young cluster observations with Spitzer in that 
they were designed to search for disks around low-mass 
brown dwarfs and even planetary-mass objects; hence 
they are particularly deep. This gives us an unprece- 
dented opportunity to study the relationship between 
variability, rotation, and presence of disks in the very 
low mass regime, potentially illuminating the reason why 
young cluster rotation period distributions have been re- 
ported to change around ^ 0.25 or O.4M (|Rebull et al.l 
120061: ICieza fc Baliber|[2007l ). and why the rotation peri- 
ods in our own dataset appear to undergo a transition 
near J?-7=1.3 (~0.45M Q ; as discussed in §7.3.1). 

7.4.1. Disk selection criteria 

We display in Fig.[T3]the distribution of Spitzer /IRAC 
3.6-8.0/im colors for all objects in our data with avail- 
able infrared photometry. As seen in the figure, the 
sample splits relatively cleanly into two groups, with 
the narrower blue sequence near [3.6]- [8.0] =0 represent- 
ing bare photosphere colors. The cloud of objects with 
[3.6]- [8.0] colors between 1 and 2 is indicative of in- 
frared excesses signifying the presence of a dusty disk. 
While the sequence of photospheric colors is fairly well 
defined, several ambiguous objects lie between 0.3 and 
0.7 magnitudes. We have therefore chosen a somewhat 
conse rvative disk selection criteria of [3.6]-[8.0]> 0.7 
(e.g.. ICieza fe B alibcr 2007) so as to omit these objects 
from the disk sample. In total, we identify 47 likely 
a Ori members with both photometry from our cam- 
paign and Spitzer colors indicative of disks. The re- 
sulting disk fraction in our sample is roughly 35±5%. 
We find tha t our disk identifi c ation is en tirely consistent 
with t hat of lHernandez et ail (|2007l ) and lCaballero et all 
(2007) (based on the same Spitzer data), apart from one 
newly-identified disk-bearing object, 2MASS J05375398- 
0249545, which has a [3.6]-[8.0] color of 1.3. The full 
listing of disk classifications is provided in Table 1. 

Previous works exploring connections between variabil- 
ity and the presence of disks often have relied on colors at 
shorter wavelengths to infer the presence of circumstellar 
dust. To test the suitability of this method, we produced 
another color-magnitude diagram using R-J and H-K 
colors, as seen in Fig. 1141 Here the Spzteer-identified disk- 
bearing objects are highlighted by red squares. While 
there are a number of targets with sufficiently large H-K 
to confirm a dust excess, many others that do have disks 
based on the Spitzer data cannot be distinguished from 
the sequence of photospheric colors with H-K ranging 
from 0.2 to 0.4. 

7.4.2. Variability- disk connection 

In Fig. [T3] we have distinguished variable objects from 
the non- variables in the Spitzer /IRAC color-magnitude 
diagram. Not all of our photometric targets in a Ori 
arc included in the Spitzer sample due to varying spa- 
tial coverage. Of the 133 that are, we identified 97 
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Fi g. 13. — Spitzer phot ometry of likely a Ori members (dots) 
from ILuhman eta l. (2008). Those found in our photometric sam- 
ple are marked with red circles. Aperiodic variables detected in 
our photometry are overplotted as filled green circles, while peri- 
odic variables in our sample are marked by filled blue circles. The 
nearly vertical cluster of objects near [3.6]-[8.0]=0 is the sequence 
of colors and magnitudes pertaining to bare photospheres. 
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Fig. 14. — R-J and H-K colors for a Ori cluster members in 
our sample. Disk identification at these wavelengths is possible for 
objects whose H-K colors significantly exceed the trend in photo- 
spheric colors visible along thee bottom of the diagram. Targets for 
which Spitzer infrared data implies the presence of a disk are sur- 
rounded by red squares. Fewer than half of disk-bearing members 
would have been selected based on the near-infrared method. 

as variables (e.g., Tables 3 and 4). The majority of 
objects with clear periodicities have no evidence for a 
disk (43 of 57), while a subset of 13 do show clear in- 
frared excess. The disk fraction among period vari- 
ables is thus ~23±6%, somewhat lower than the over- 
all disk fraction. However, this measurement may be 
biased by the fact that we cannot measure periods in 
disk-bearing objects that are undergoing relatively high 
amplitude accretion events. Four objects fall in the 
ambiguous category with [3. 6] -[8.0] colors between 0.3 
and 0.7. One of these (2MASS J05390808-0228447; 
[3.6]-[8.0]=0.53) has a clear periodicity with period 1.7 
days and amplitude 0.02 magnitudes, similar to other 
variables that lack infrared excesses. The remaining 



Photometric monitoring of a Orionis 



21 



three (2MASS J05390760-0232391, 2MASS J05390878- 
0231115, 2MASS J05392677-0242583) exhibit much more 
erratic and higher amplitude (RMS^0.2-0.3 magnitudes) 
variability. 

In general, we can associate disks with the majority 
of aperiodic variables in our sample and lack of a disk 
with most of the periodic variables. This outcome is no 
surprise, since the aperiodic variability is likely due to 
accretion, which requires a disk. Likewise, since the vari- 
ability in most of these disk-bearing objects is relatively 
high amplitude (~0.1 magnitudes RMS on average), we 
do not expect to detect many periodic variables among 
this sample, for the reasons outlined in §6.2. But a num- 
ber of objects do not fit these scenarios. Nine a Ori mem- 
bers display aperiodic variability but no sign of infrared 
excess in the Spitzer data; the additional three objects 
highlighted above have only weak signs of an excess. On 
the other hand, 13 a Ori members with clear-cut infrared 
excesses display periodic variability with only low-level 
erratic behavior suggestive of accretion. In a few cases 
where signal-to- noise is particularly high (e.g., 2MASS 
J05391883-0230531 and 2MASS J05381866-0251388), it 
is possible to see that the phased light curve is a combi- 
nation of a nearly perfect sinusoid and a small additional 
"blip" that may be ascribed to transitory accretion. 

Since the Spitzer data enables us to conclude only that 
an object is surrounded by warm dust, the association be- 
tween an infrared excess and accretion (i.e., infall of gas), 
is imperfect. This may explain why a small fraction of 
objects identified as having disks do not exhibit aperi- 
odic variability, if the gas supply in these systems has 
already diminished. Likewise, we conjecture that those 
targets displaying aperiodic variability but no infrared 
excess probably still have a gas component of a disk, 
whereas the dust is reduced or changed to the point of 
being undetectable at 8.0/iin and shortward. In the fol- 
lowing sections, we explore in more detail the connec- 
tions between each type of variability and the presence 
or absence of a disk. 

7.4.3. Relationship between disks and periodic 
variability due to rotation 

The connection between stellar rotation period and 
disk presence has long been a subject of speculation. 
Disks have been invoked as a mechanism to remove an- 
gular momentum from young stars, in order to explain 
the slow rotation rates seen at older ages, as compared 
to models of sp in-up associated with radial contraction 
(|Bouvierl [2007V But while some studies have claimed 
a cor relation between rotation rate and disk presence 
(e.g., iRebull et all 120061: ICieza k Baliben l2007f l .others 
have refuted the so-called disk-locking theory (jKoenigll 
119911: iMakidon et~aT1l2004( ). particularly in the low -mass 
regime. To investigate the disk-rotation connection with 
our own data, we have examined the subset of 57 ob- 
jects identified with both periodic variability and Spitzer 
[3.6]- [8.0] data. Among these periodic variables, only 13 
fall in the disk sample with infrared color excesses. Un- 
fortunately for the majority of disk-bearing objects, we 
cannot photometrically measure most of their rotation 
rates because of the prominent high-amplitude aperiodic 
variability. But we can nevertheless plot the periodic 
sample against Spitzer [3.6]-[8.0] color to discern any 
large differences between the rotation rates of objects 
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Fig. 15. — Spitzer [3.6]-[8.0] color versus rotation period for our 
periodic a Ori members. 

with and without disks, as shown in Fig. 1151 The se- 
quence of likely diskless objects at [3.6]-[8.0]~0.0 con- 
tains a large spread of photometric periods from 8 hours 
to over 10 days. The objects with disks do have a slightly 
lower mean period, but this could be a selection effect. 
If there is a mass dependence for rotation or accretion 
properties, then this diagram may not indicate the true 
distribution of rotation periods. For example, if low- 
mass stars rotate faster but accrete for longer, then we 
may not be detecting a number of short rotation peri- 
ods through the larger-amplitude fluctuations due to ac- 
cretion in the light curves. In addition, the fraction of 
disk-bearing objects appears to increase from ^40% of 
low- mass s tars (0.1-0.5 Mp) to ~60% of brown dwarfs in 
a Orionis (jLuhman et al.ll2008j) . 

To circumvent the possible mass biases from our data, 
we have highlighted the disk-bearing objects among the 
rotation sample in Figs. [5] and [TU1 these are indicated 
by open circles. The inclusion of color information in 
addition to periods and disk presence enables us to ex- 
amine the effect of the mass distribution underlying our 
sample. We have seen from this diagram that the ro- 
tation periods have a marked and significant trend to- 
ward longer time scale at bluer color (and hence higher 
mass), as discussed in §7.3.1. This correlation appears 
relatively independent of whether an object possesses a 
disk. To statistically test for differences between the ro- 
tation periods of objects with disks and without disks, 
we have plotted histograms of each distribution. We re- 
strict both samples to R-I > 1.3 since there are only two 
disk-bearing stars blueward of this boundary, and rota- 
tion rates of the diskless stars might be bias ed by mass. 
Using a two-sided Kolmogorov-Smirnov test (| Press et al.l 
1992), we find that any differences between the rotation 
rate distributions of disk-bearing and diskless objects are 
not statistically significant, at the 7% level (i.e., p=0.93). 
Even if we expand the analysis to include stars with R- 
I < 1.3, there remain no differences, at the 35% level 
p=0.65). With the caveat that the statistics are based 
on small numbers, we conclude that the disk-locking 
paradigm is largely inconsistent with our observations. 
The distribution of rotation periods instead appears to 
be set primarily by mass and additionally by a possible 
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a third parameter. 

7.4.4. Relationship between disks and aperiodic 
variability 

In this section, we explore more directly a linkage be- 
tween aperiodic variability, accretion, and disks. Er- 
ratic light curve variations in young stars have long been 
tied to spectroscopic signatures of accreti on (Joy 1942) , 
although they can have several origins (|HerbstlH99l . 
In particular, classical T Tauri stars, classified by their 
broad Ha emission lines, undergo larger brightness fluc- 
tuations than th e period i c vari ations more often seen in 
weak-lined stars iHerbstl ()1994l ). The fact that most of 
our disk-bearing objects display variability that is both 
higher amplitude and more erratic supports this picture. 

We can study the relationship between accretion and 
disk presence more directly by examining the available 
spectroscopy for our detected aperiodic variables. We 
have listed in Table 4 the Ha pseudo-equivalent widths 
(pEW) where available from previous work. The value 
of this parameter is typically used to distinguish between 
Ha emission that is chromospheric in nature, as com- 
pared to emission created in an accretion column and 
hence indicative of a disk. An equivalent width greater 
than 5-15 A is typically c hosen to identify accretors. 
We ad opt here the criteria of iBarrado v Navascues et "all 
(2003), in which the Ha pEW boundary between ac- 
cretors and chromospheric emitters varies with spectral 
type. The value varies from 7 to 11 A across the M spec- 
tral type range typical of our sample. We find that 13 of 
our 17 aperiodic variables with Ha pEW measurements 
from the literature have values consistent with accretion. 
The remaining four objects have fairly low RMS spread 
in their light curves that may indicate a different source 
for the variability. 

Two of our targets with the largest Ha pEW val- 
ues are brown dwarfs, based on their faint /-band 
magnitudes: 2MASS J05382543-0242412 and 2MASS 
J05385542-0241208. The photometric data alone sug- 
gests that they are substellar accretors, because of the 
high-amplitude variability and lack of detectable peri- 
odicities. The forme r object was studied in detail by 
ICaballero et~all ((2006, ; see note in Appendix A), but the 
latter was heretofore unknown as a variable, although it 
was noted as having a broad Ha emission line with an 
equivalent width of 190A and othe r T Ta uri-like spectro- 
scopic features by ICaballero et all (|2008|) . 

To tie together the variability features, accretion in- 
dicators, and disk presence, we have compared the val- 
ues of light curve RMS, Ha pEW, and Spitzer [3.6]- 
[8.0] color for our aperiodic variables. We detect no 
correlation between RMS and Ha pEW, suggesting that 
the mechanism producing variability is somehow decorre- 
lated with the strength of accretion. However, it must be 
noted that our photometry was taken well after (years, in 
many cases) the spectroscopic data. If either light curve 
amplitude or Ha emission is highly time- variable, non- 
simultaneity of the observations may explain this find- 
ing. In addition, we have examined the relationship be- 
tween these parameters and the infrared excess. Large 
Ha pEW (> 10A) compares well with infrared excess as 
a predictor of disk presence in that all but one target 
with values greater than 10 A also have [3.6]-[8.0]>1.0. 
But once again, we do not see any noteworthy trends in 
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Fig. 16. — Spitzer [3.6]-[8.0] color versus light curve RMS value 
for our aperiodic variables. 



RMS or Ha with [3.6]-[8.0] color among targets identified 
as having disks. 

There is a curious small population of objects, though, 
with RMS values (~0. 01-0. 03 magnitudes) much lower 
than the other aperiodic variables and whose Ha pEW 
and [3.6]- [8.0] values suggest absence of accretion or an 
associated disk. In addition to having light curves in 
which variability is clearly obvious by eye, these objects 
have x 2 values high enough that their status as vari- 
ables is not in doubt. All but one have x 2 > 4.5, or less 
than 10 -5 probability that the light curve trends arose 
by chance; the remaining object (2MASS J05383922- 
0253084) has a x 2 value of 2.85, or an estimated 0.4% 
probability that its light curve behavior is explained by 
noise. We show in Fig. [16] the RMS and infrared color. 
The subset of nine low-RMS objects is seen as a cluster 
in the lower left corner and is clearly differentiated from 
the larger cloud of points with colors indicative of disks. 
Not all of these objects have available Ha pEW values, 
but for those that do we find they are all low, between 
and lOA. 

In summary, both Ha emission and [3. 6] -[8.0] color are 
good indicators of disk presence. Light Curve RMS is 
only a moderate indicator, since we encounter a num- 
ber of disk-bearing objects with only low-level or pe- 
riodic photometric variability. Of 47 targets identified 
with disks via Spitzer data, we find 19 (40%) have aperi- 
odic variability with RMS values above 0.05 magnitudes. 
The distinct advantage of photometric monitoring thus 
appears to be the ability to identify aperiodic variables 
for which the other indicators do not suggest a disk or 
accretion. The variability in these cases is difficult to re- 
produce without invoking some sort of circumstellar ma- 
terial, since its erratic and short-time-scale nature sug- 
gests a dynamic process as opposed to thermal or mag- 
netic phenomena associated with the stellar surface. We 
suggest that this small population of objects does in fact 
have residual disks undetectable at Spitzer /IRAC wave- 
lengths, with possible accretion or dust occultation as 
the source of low-level variability. 

7.5. Peculiar variables 
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While over 40% of our detected variables are clearly 
periodic (Table 2; Fig. [5]), some 27% are highly stochas- 
tic (Tables 3; Fig. [7]). As discussed above, the for- 
mer are associated with stellar rotation and the lat- 
ter with processes associated with disk accretion. A 
number of intriguing objects among the stochastic class 
appear to have repeating patterns that are not, how- 
ever, identified as periodic, the most prominent eight of 
which are shown in Fig. 1171 They tend to display large- 
amplitude (^0.2-0.5 mag) dips of short duration (less 
than one day to a few days) in their light curves, pre- 
ceded and followed by lower amplitude and longer time 
scale fluctuations. In some cases the fading can take up 
to a week. A few objects (2MASS J05382050-0234089 
and 2MASS J05390276-0229558) display brightness dips 
with symmetric ingress and egress suggestive of some 
sort of occulting body; other brightness dips are rapid 
enough that we have only observed a portion of the event. 
Among all of the aperiodic a Ori light curves we identify 
approximately 20% of the sample that undergo fading 
events. 

Stars displaying such distinct fading episodes may rep- 
resent a low- mass analog of the UX Ori class (UXORs), 
in which brightness decreases of up to several magni- 
tudes appear and persist for up to tens of days. The 
phenomenon has also been referred to a s "Type III" pre- 
main-sequence variability (jHcrbst 1994). While it is typi- 
cally associated with objects of spectral type K0 and ear- 
lier, it has been identified in the form of quasi-periodic, 
deep (i.e., on the order of a magnitude) brightness dips 
in a few T Tauri stars, notably AA Tau (Bouvier et 
al. 1999). Among the several theories that have been 
suggested to explain the prominent dips seen in these 
variables, the most common invokes extinction events, 
in which clumpy material in a surrounding disk occults 
the central object from time to time. As the opacity in- 
creases the star becomes fainter and redder until scatter- 
ing dominat es and the obje ct becomes bluer as it contin- 
ues to fade. iBertoutl (|2000ft accounted for the recurrence 
of brightness dips with a model in which the occulting re- 
gion is a high latitude " warp" that periodically obscures 
the star above the extinction of a flared disk that is typ- 
ical over the rest of the orbit. For the more sporadic 
fading, another theor y is that the behavior may be due 
to variable accretion (|Herbstl[l994D . 

The diversity of light curve properties for the "pecu- 
liar" variables discussed here hints at multiple origins for 
the fading events, some of which may be well described by 
the periodic disk occultation model. While all of these 
objects have been classified as aperiodic based on the 
lack of one or more discrete peaks in the periodogram, 
most do display signal patterns in the frequency domain 
that are not consistent with either white or red noise. 
These include five or more peaks or clusters of peaks 
in the periodogram, indicating semi-periodic light curve 
behavior. We find that two or three objects or ^25- 
40% of this sample of eight as being quasi-periodic in 
their short duration fading beha vior. This frac t ion is 
similar to the 28% estimated by lAlencar et al.l ()2010f ) 
for periodic "AA Tau like" behavior in a comparable set 
of young stars in NGC 2264 determined from consid- 
eration of optical wavelength CoRoT data. Examining 
in detail the light curves of 2MASS J05390276-0229558 
and 2MASS J05394318-0232433, we can estimate eclipse 



durations, depths and frequencies, assuming that the 
same "blob" of material is responsible for each fading 
event. For 2MASS J05390276-0229558, we estimate an 
eclipse repeat period of ~1 day and duration of ~0.2 day, 
while the light curve of 2MASS J05394318-0232433 dis- 
plays dips of period ~4 days and duration of ~0.85 day. 
The stars, which are of similar /-band magnitude, have 
masses of ~0.4 M Q and radii ^1.2 R^, a s estimated from 
the 3 Myr models of lBaraffe etai] (| 19981 ). If the material 
is in a circular orbit, then its distance from the star can 
be deduced based on these stellar parameters along with 
the ratio of the eclipse duration to the repeat period. 
This rough estimate reveals that the occulting material 
must be extremely close to the star- within a stellar ra- 
dius in both cases. In this scenario, the light curves may 
actually be displaying an impending accretion event, in 
which migrating material merges with the central star. 
If, on the other hand, the fading events are caused by 
distinct blobs of material, then their locations may be 
much farther out. The depths of the fading events (~4% 
and ~15%, respectively) imply sizes for the material of 
0.2-0.4 stellar radii. 

The presence of disks around our peculiar variables 
also sheds light on the origin of brightness fluctuations. 
Based on Spitzer photo metry (§7.3) and the analysis of 
IHernandez et a l. (2007), we find that five of the eight pe- 
culiar variables shown in Fig. [17] are Class II type young 
stellar objects, surrounded by a thick disk but beyond 
the stage with significant high latitude (envelope) mate- 
rial. A further two objects (2MASS J05392677-0242583 
and 2MASS J05390760-0232391) have weak Spitzer in- 
frared excesses ([3. 6] -[8.0] color between 0.3 and 0.7). 
2MASS J05392677 -0242583 is probably an "anemic" disk 
ijLada et al.l l200fih . while 2MASS J0 5390760-0232391 
was c lassified as a transition disk by IHernandez et ail 
(2007) based on its large 24/j,m excess. The data 
suggest that both have optically thin inner regions. 
2MASS J05390276-0229558, on the other hand, does not 
appear to have either a disk or any signs of strong Ha 
emission. The fact that the intriguing eclipse-like varia- 
tions seen in its light curve are much lower in amplitude 
than the other peculiar variables may indicate the pres- 
ence of more consolidated disk material unobservable at 
Spitzer /IRAC wavelengths. For the majority of objects 
mentioned here, we believe the variability can be plau- 
sibly interpreted as extinction by "clouds" or geometric 
warps of relatively higher opacity than the disk atmo- 
sphere which produce fading events as the feature passes 
through our line of sight to the star while the disk ro- 
tates. 

Color data can help further illuminate the source of 
peculiar variability, since we have not ruled out accre- 
tion effects. Different trends in color are expected de- 
pending on whether the variations are caused by extinc- 
tion, disk scattering, or ste llar spots, as expla ined by 
ICarpenter et alj (|2001f ) and IScholz et al.l (|2009l ). Since 
we have acquired i?-band data twice per night for all tar- 
gets, we can examine R-I as a function of brightness for 
all aperiodic variables, and check whether any particular 
pattern stands out for the eight selected peculiar vari- 
ables. We present in the right panel of Fig. [7] the avail- 
able colors and magnitudes. Notably, with only lower 
cadence data (as represented in the middle panel) the 
richness and coherence of the light curve forms would be 
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Fig. 17. — Aperiodic light curves with one or more unusually pronounced brightness dips. 



hidden. In many cases the fading events observed among 
our aperiodic variables are relatively colorless although 
both significant reddening and significant blueing is ob- 
served among the sample. We have measured the slope 
of reddening for all aperiodic variables in Fig.[7]by fitting 
a linear trend to the /-band magnitude as a function of 
R-I. We then negate the result so that slopes less than 
zero represent reddening as an object becomes fainter. 
The distribution of values is presented in Fig. [18] Al- 
though the color light curves do not have enough points 
to enable a detailed fit to the various variability mod- 
els, we note that the vast majority of aperiodic variables 
show either negative or zero slope. For comparison, we 
have also plotted the value expected for pure interstellar 
extinction. Since the material in disks may be substan- 
tially different, we do not necessarily expect it to follow 
the same extinction law. Indeed, several of the peculiar 
variables display much more red dening during th e ir fad - 
ing episodes. The mod eling by ICarpenter et al.l (|2001h 
and lScholz et a l. (2009) showed that hot spots from ac- 
cretion can in fact exhibit steeper reddening slopes than 
extinction, at least in the near-infrared. This is certainly 
a possible explanation for some of our own sources. Only 
two objects in our sample, however, exhibit variability 
that may be accounted for by emission or scattering by 
the circumstellar disk, whic h is predicted to produ ce rel- 
atively blue fading events ([Carpenter et alJ 12001). In- 
triguingly, 2MASS J05390276-0229558, the only peculiar 
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Fig. 18. — Histogram of reddening values derived from the slopes 
of the / versus R-I trends displayed in Fig. [7] Negative values 
correspond to increased reddening with decreasing brightness. The 
dashed line marks the value for interstellar extinction, -~E(R-I)/ Aj . 

variable with no infrared excess, is one example. The 
single data point caught while this object was at its faint 
limit shows substantially bluer color than the rest of the 
light curve. We envision a scenario in which material 
temporarily occulting the star also scatters light toward 
us. 
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Although we cannot rule out the presence of accretion 
effects, we conclude that the hypothesis of occupation 
by disk material is qualitatively consistent with both the 
duration and the color-magnitude behavior of the brief 
fading events seen in the set of eight peculiar variables 
presented here. Further, as some of the events are peri- 
odic or semi-periodic, we note that the derived periods 
are consistent with those expected from an inner disk re- 
gion in co-rotation with a star having typical spin for a 
Class II T Tauri star (2-10 days). Similar features lo- 
cated further out in the disk could be responsible for the 
non-repeating and/or broader fading events. 

8. DISCUSSION 

We have presented photometric monitoring on a col- 
lection of low-mass stars and brown dwarfs in a Orionis. 
Extensive vetting of membership via prior spectroscopic 
information and the relative spatial compactness of our 
fields (~7 pc across) has ensured that the sample is rel- 
atively homogeneous in terms of age and initial condi- 
tions. In addition, the selection of ^10-minute cadence 
and time baseline of nearly two weeks, along with excel- 
lent photometric precision has enabled us to carry out 
an unprecedented analysis of variability in young stars 
and brown dwarfs, complete to amplitudes below the 1% 
level for most sources. This combination of cadence and 
precision has allowed us to probe new areas of variabil- 
ity parameter space: those pertaining to short time scale 
and low-amplitude fluctuations. In the preceding analy- 
sis, we have explored the general properties of variabil- 
ity in very-low-mass a Orionis members and its connec- 
tions to other stellar parameters. In putting the pieces 
together, we will now highlight the various phenomena 
encountered and possible connections to physical prop- 
erties. 

8.1. Variability in young stars and brown dwarfs is 
persistent - in time and mass 

The sensitivity of our photometric monitoring has 
given us an unprecedented opportunity to probe for vari- 
ability and explore its trends well into the brown dwarf 
regime. As discussed in §7.1, we have detected variability 
of various forms in nearly 70% of our sample, including 
85% of stars with strong evidence for cluster membership. 
The ~15% of likely cluster members with no evidence for 
variability do not appear to have any distinguishing char- 
acteristics such as belonging to a particular mass range 
or possession of disks. This fraction is similar to the 
proportion of variables identified as periodic in 2007 but 
not in 2008. Using the 2007 field as well as data from 
other studies, we have also found (§7.1.1) that the ob- 
served periodic and aperiodic variability is persistent on 
typical time scales of at least 5-10-years. This finding is 
consistent with studies of other clusters such as IC 348, 
in which analysis of data acquired by different groups re- 
trieve largely t he same photometric p e riods for objects in 
common (e.g.. ICieza fc Baliberll2006h . iScholz fe Eisldffel 
(2004) also carried out two photometry monitoring cam- 
paigns in another region of a Ori and identified a number 
of objects with persistent variablity across both datasets. 
Nevertheless they also suggest evidence for spot evolu- 
tion based on a subset of targets displaying periodicities 
during only one campaign. While our analysis in §7.1.1 
points to long-lived accretion and magnetic activity on 



young, low-mass stars (in comparison to, e.g., the rota- 
tion period time scale), it is not sensitive to light curve 
amplitude or phase changes. Thus magnetic spots may 
come and go, but the typical young low-mass star or 
brown dwarf has one or more spots large enough to be 
detected in photometry at the 0.5% level for time spans 
of multiple years. 

Also intriguing are variability trends (or lack thereof) 
with mass, partic u larly across the substellar bound- 
ary. iReiners et al.l (|2009f ) have observed that magnetic 
field strengths on young brown dwarfs are substantially 
weaker than those in higher mass young stars. As a 
result, we might expect accretion and spot properties 
to change with mass. We have concluded (§7.1.2) that 
there is no such evidence for a trend in a periodic variabil- 
ity. Like several other studie s of a Ori (jCaballero et al.l 
I2006t IScholz fe Eisloffelll2004fl we identify several accret- 
ing brown dwarfs based on their high-level erratic light 
curve behavior. The persistence of T-Tauri-like variabil- 
ity to very low masses may reflect more so the presence of 
disks than the surface magnetic field properties of these 
objects. The fraction of periodic variables, on the other 
hand, does seem to decrease into the brown dwarf regime 
(§7.1.2) to an extent not accounted for by our photomet- 
ric sensitivity. This result is consistent with decreasing 
magnetic field strength in that a lack of spots or de- 
creased coverage would be expected. Alternatively, spots 
may still be present but at much lower temperature con- 
trast. 

8.2. Period correlates with color and magnitude in 
low-mass a Ori members 

Several previous studies have examined the distribu- 
tion of rotation periods among stars in a number of 
young clusters. Initially, many of the stellar samples 
did not include stars with masses less than ~0.2 M Q , 
and the resulting rotati on period exhibited two peaks 
near 2 and 8 days (e.g.. iHerbst et al1l2002j ). However, 
extension of rotation studies to lower ma ss has failed 
to ret rieve such a bimodal distrib u tion. lLamm et al.l 
(|2005h and later ICieza fe Baliberl (j2007| ) indeed ob- 
served a change in rotation properties near R-I=X.3 
or spectral type M2-M3, with the redder objects ro- 
tating faster on average. The disappearance of the 
long period peak in the rotation distribution when a 
low-mass (or equivalently, red color) cut is applied 
to the distribution implies that a mass-dependent ef- 
fect is at work. Additional rotational studies incorpo- 
rating components of the low-mass star p opulation in 
the IC 348 cluster (ICieza fe Baliberl 120061) the north- 
ern portio n of a Orionis (| Sc holz fe E isloffcl 2004 ), and 
the O NC ( Sta ssun et al.lll999l : iRodriguez-Ledesma et al.1 
2009) have confirmed a trend of increasingly rapid rota- 
tion toward lower mass. 

Although our data includes few periodic objects more 
massive than ~0.5 Mq, they support the conclusion that 
low mass stars and brown dwarfs have a different period 
distribution from higher mass but similarly aged young 
stars. The distribution of rotation periods uncovered in 
our analysis contains few objects with 8-10 day periods, 
but a steady increase in number of objects up to a peak 
near 1 day. We have further explored this phenomenon 
by plotting periods as a function of photospheric color as 
well as /-band magnitude, both of which serve as prox- 
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ies for mass. The results (Figs. [9] and [10]) and statis- 
tical tests confirm that there does indeed appear to be 
a strong trend in rotation with mass. We have ruled 
out (e.g., §7.3.1) the possibility that biases in our pho- 
tometric sensitivity and signal detection algorithm could 
produce such a strong correlation of period with color or 
magnitude. 

We observe a transition in rotation periods near R- 
J=1.3 (spect r al typ e M2 5), similar to th a t repo rted by 
lLamm et all ((2005) and ICieza fc Baliberl (|2007l ). which 
they attributed to a possible shift in magnetic field prop- 
erties at low mass. However, we are at a loss to explain 
such a transition, since low-mass stars and brown dwarfs 
at the age of a Ori should all be fully convective. We have 
attempted to explain the trend of rotation with color 
(and hence mass) with a much simpler hypothesis of con- 
stant angular momentum. We consider this to be a "toy" 
model since in reality angular momentum likely adheres 
to a distribution rather than a single valu e (e.g., iRebullj 
l2001h . The internal structure models from lBaraffe et all 
(| 19981) and iD'Antona fc Mazzitelll (|1997l) do provide a 
reasonable fit to the data, with the exception of one 
prominent outlier at i?-/=0.6. Thus we conclude that 
it is possible to account for the spins of a Ori members 
with models for mass and radius currently in use, which 
invoke formation of H2 in the atmosphere and increas- 
ing importance of electron degener acy at low mass bu t 
do not incorporate magnetic fields (|Baraffe et al.l Fl998). 
Nevertheless, larger numbers of rotation data points and 
additional data incorporating higher mass cluster mem- 
bers is likely required to reach a definitive conclusion on 
the origin of the rotation trend uncovered in our study. 

8.3. A lower limit for the time scale of periodic 
variability in low-mass a Ori members 

In general, we find no periodic variability at periods 
less than 7 hours. The cut-off in rotation periods around 
7-10 days is abrupt and significant, considering that we 
are fully able to detect periods down to ~15 minutes. 
Within the uncertainties of cluster membership verifi- 
cation, there are approximately 40 young objects in our 
sample with masses less than ~O.1M . We thus conclude 
that our data to n ot bear out the predic tions for pulsa- 
tional instabilities (Palla & Baraffe 2005), which call for 
pulsation periods of ~l-4 hours in unstable deuterium- 
burning objects. If any of our BDs or VLMSs is pul- 
sating, then they must be doing so at amplitudes be- 
low ~0. 01-0. 02 magnitudes. Our observations are incon- 
sistent with reports of short-peri od variability in young 
a Ori bro wn dwarfs observed by [Bailer- Jones fc Mundtj 
(|2001f ) and lZapatero Osorio et a l. (2003); details on the 
failure to redetect periodicities in these objects are pro- 
vided in Appendix A. 

Within the range of ~l-7 hours, we not only do not 
detect signs of pulsation, but we also see no evidence 
of spot-modulated variability. This result suggests some 
sort of physical mechanism which limits rotation rates. 
In §7.3.1 we estimated that the break-up period for ob- 
jects from 0.02 to 0.1 M & lies near 2-7 hours, although 
there are substantial uncertainties in radius, and hence 
velocity, at these ages. Based on these values, it ap- 
pears that young BDs rotate at up to, but not beyond, 
^40% of their break-up velocit y. This result stands in 
contrast to the observations of IStassun et alj (|1999( ) in 



the younger Orion Nebula Cluster, for which a num- 
ber of low-mass objects were found to rotate at 60- 
100% percent of break-up speed. And while our data 
do echo previous suggestions (e. g., ICaballero et alj|2006t 
iRodri guez-Ledesma et"aT1 l2009f ) that low-mass objects 
rotate significantly faster than their higher mass coun- 
terparts, our fit of constant angular momentum models 
to the data in Fig. [9] illustrate that magnetic effects need 
not be invoked to explain the trend. 

8.4. No connection between rotation period and the 
presence of disk 

Perhaps the most surprising finding to arise from our 
data is the apparent lack of correlation between the 
derived rotation periods and presence of a circumstcl- 
lar disk around low- mass stars and brown dwarfs (e.g., 
Al < O.5M0). a Ori is one of the few clusters for 
which Spitzer /IRAC data is available and deep enough 
to identify disks around even the lowest mass members. 
Likewise, our photometric monitoring is sensitive enough 
to permit the derivation of rotation periods in all non- 
accreting objects with spots producing brightness devia- 
tions greater than 0.007 magnitudes (e.g., §7.3.1). Much 
attention has been paid in previous works to the role of 
disks in regulating the angular momentum evolution of 
young stars, a nd in particular the role of disk locking 
(|Koenig]| IT991) in limiting rotation rates. Many mea- 
surements of rotation periods for stars with and with- 
out disks have produced discrepant results in that some 
studies show slower rota tion on average f o r disk -bearing 
stars and others do not; ICieza fc Baliberl (|2006f ) provide 
an excellent overview. One issue has been the actual 
selection of disk candidates. The process has recently 
become much more clear-cut with the advent of Spitzer 
data, but previous reliance on mainly near-infrared data 
may have muddled the samples, as illustrated in Fig. [14J 

Fortunately in our case we have access to excellent 
Spitzer data for many of our targets, presenting the op- 
portunity to examine for the first time correlations be- 
tween rotation period and disk presence among low-mass 
members. At the same time, our conclusions are limited 
by the fact that we can measure rotation periods for only 
13 (28%) of the disk-bearing objects. But the spread in 
rotation periods among these objects (as shown in Fig. 
14) is nevertheless quite wide, enco mpassing roughly t he 
same range as the diskless objects. iRebull et al.l (|2006Vs 
study of ONC members with Spitzer data revealed sig- 
nificantly slower rotation among their disk sample even 
to low masses, although this result may have been biased 
by the detection limits of their Spitzer data. In con- 
trast, the median rotation periods for both disk-bearing 
and diskless periodic variables in our sample do not dif- 
fer significantly for either the entire sample or the large 
subsample of objects with M < 0.45M Q (§7.4.3), leading 
us to conclude that any disk-locking phenomenon is not 
prominent in the low-mass regime at the age of a Ori. 
Since we are concerned about mass-dependent effects, 
we have also highlighted the disk-bearing objects in the 
period-color diagram (Fig. [9]). Once again, it is clear 
that these targets do not occupy a region of preferen- 
tially long or short period, regardless of mass. Instead, 
we find a substantial spread in rotation periods for the 
disk-bearing sample, independent of both disk presence 
and other properties. These results suggest that the disk 
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may not in fact play the lead role in determining the an- 
gular momentum of rates of young, very-low-mass stars. 
Th ey are also c onsist ent with a recent theoretical study 
by iMatt et"aT1 (|2010f ) which concluded that other pro- 
cesses like stellar winds must be invoked to explain the 
observed spread in rotation rates. 

8.5. New classes of low-mass star variability 

The sensitivity and cadence of our photometric obser- 
vations have led to the discovery of several novel types of 
variability among the low-mass young cluster members. 
We discussed the details (§7.5) of a small set of "peculiar" 
variables whose abrupt dips in brightness mirror those 
of the higher mass UX Ori stars, but on much shorter 
time scales. With the recent i dentification of "AA -Tau- 
like" variables in NGC 2264 ()Alencar et all 120101 ), this 
is not an entirely new finding, but it does suggest that 
the eclipse-like brightness dip phenomenon is somewhat 
common in young clusters. Such variables may have 
been overlooked in previous photometric studies since 
the fading events only become obvious when data are 
taken at the appropriate fast cadence. Additional multi- 
color studies of the phenomenon should allow for further 
evaluation of its origin. 

We also highlight the subsample of aperiodic variables 
in our sample whose light curve RMS values are par- 
ticularly low and whose Spitzer infrared data shows no 
indication of a disk (Fig. ITB"]) . Although the objects also 
do not have strong Ha emission, the erratic nature of 
the light curves is strongly suggestive of accretion, but 
perhaps at a lower level than the variables with obvi- 
ous disks. A similar phenomenon was observed in the 
IC 348 cluster, in which a number of weak T Tauri stars 
(i.e., weak Ha ) were found to be erratic variables by 
iLittlefair et~all ()2005| ). These results bring into ques- 
tion our ability to determine which cluster members are 
truly surrounded by disk material, which ultimately af- 
fects the analysis of rotation and possible disk locking. 
It appears from these light curves that a percentage of 
young objects retain enough gas for accretion beyond the 
time that we would expect their disks to be fully cleared 
based on infrared observations. 

9. SUMMARY 

We have presented the results of high-precision photo- 
metric time series monitoring on two fields in the a Orio- 
nis cluster, including 153 confirmed and candidate mem- 
bers. Nearly 70% of the sample displays variability, en- 
abling not only the identification of several new candi- 
date cluster members (Tables 3 and 4), but also a de- 
tailed analysis of the types of variability present and its 
origins. We have found that the majority of periodic 



variability can be explained by rotational modulation of 
surface features, with time scales too long to be consis - 
tent with the pulsation theory of (|Palla fc Baraffc 2005) . 
The large set of rotation rates (for 65 objects in total) 
spans masses from the brown dwarf regime (~0.04 Mq) 
to low-mass stars with M <0.5 Mq. The inclusion of R- 
I color data led us to identify trends in variability as a 
function of mass. We have measured a robust decline in 
the fraction of periodic variables toward the brown dwarf 
regime, which may be related to a mass dependence of 
the surface magnetic field structure or strength. We have 
also presented a clear trend in rotation rates, with BDs 
rotating significantly faster than the low-mass stars; we 
tentatively connected this finding to the initial angular 
momentum properties of these young stellar objects. 

In addition, infrared data from Spitzer /IRAC has en- 
abled a search for disks around over 90% of our targets, 
and the resulting disk fraction is ^35% for the brown 
dwarfs and low-mass stars of a Ori. Notably, we find no 
significant connection between the presence of a disk and 
the rotation periods of cluster members. While most of 
the aperiodic variables in our sample have disks, as would 
be expected from accretion-induced variability, a signifi- 
cant subsample (^30%) of those with small /-band light 
curve RMS (e.g., <0.04 magnitudes) and masses from 
0.3-0.7 Mq do not have any evidence for disks or ac- 
cretion in the available infrared and spectroscopic data. 
To our knowledge, this type of variability has not been 
reported previously, and represents a new class of low- 
amplitude aperiodic variables which may still be accret- 
ing at a low level despite dispersal of most of their disk. 
Finally, the high cadence of our data resulted in the iden- 
tification of an additional intriguing type of variability, 
involving abrupt dips in brightness, some of which ap- 
pear eclipse-like in nature. We have attributed this phe- 
nomenon to occultation by material in the disk. Overall, 
we expect that this dataset will offer a comprehensive 
library of variability typical in clusters in the few-Myr 
range. 
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APPENDIX 

OBJECTS WITH PREVIOUS REPORTS OF VARIABILITY 

a Orionis is a well-studied cluster, and several previous variability studies have targeted its brown dwarf and low- 
mass star population. Despite different cadences and sensitivities, we can use prior data to assess variability patterns 
over time scales much longer than the duration of our observing runs. Repeat detection of a periodicity not only 
confirms the accuracy of the measurement but also attests to the long-term stability of the mechanism behind it. 
However, non-detection of variability can also offer insights into the physical processes affecting young VLMSs and 
BDs on relatively short astronomical time scales. We detail results here on a number of targets in our sample that 
were put forth as variables by other authors. 
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r053820/SWW124/Mayrit 380287 = 2MASS J05382050-0234089 ILodieu et all (|2009f) report variability 
in this object in the J, H, and K bands. The difference in magnitudes over several years is 1.0, 0.67, and 0.28 
magnitudes, respectively. IHernandez et al.l (|2007l ) also identified it as a variable (see below). In this study, we find 
significant undulations in the /-band light curve (RMS^O.l magnitudes), including an ~0.4-magnitude eclipse- like 
drop over several days (see §7.5). 

SWW221/Mayrit 1129222 = 2MASS J05375398-0249545 lLodieu et alJ (|2009fl detect variability of this object 
at J, H, and K bands. The brightness in each band differ by 0.4-0.5 magnitudes over a baseline of several years. 
During our shorter campaign we find that the object has an rms variation of 1.95 magnitudes in the I band- the 
largest change among all of our variables. 

Mayrit 458140 = 2MASS J05390458-0241493 ILodieu et all (|2009D inferred variability in this source in the J, 
H, and K bands. The change in brightness on time scales of several years is ~0.2 magnitudes. We also find up to one 
magnitude in erratic variations on the two-week time scale in the /-band, suggesting ongoing accretion. 

S Ori J053855.4-0241208= 2MASS J05385542-0241208 ILodieu et alJ (|2009h report changes of 0.29 and 0.23 
magnitudes in the J and H bands, respectively, over several years. We also detect variability of aperiodic nature, at 
an RMS of 0.19 magnitudes in the I band. 

S Ori 2 = 2MASS J05392633-0228376 lScholz fc Eisloffell (|2004D report this object as variable, with an RMS 
of 0.038 magnitudes. Likewise, we detect it as periodic with amplitude 0.019 magnitudes and period 2.3 days. After 
subtracting this signal from the data, we also note slightly non-gaussian residuals possibly indicative of additional 
low-level variability. 

SE77 = 2MASS J05385492-0228583 IScholz fc Eisloffell (|2004h report this object as variable, with an RMS of 
0.028 magnitudes. We do not detect any variability, down to les s than 0.001 magnitud es. 

S Ori J053826.1-024041 = 2MASS J05382623-0240413 lCaballero et all (|2004h detected variability on minute 
to hour time scales with amplitude less than 0.04 magnitudes. We see hints of a potential periodicity at amplitude 
0.006 magnitudes and period 4.8 days, but it is too weak to confirm (S/N~4 in the periodogram) . The RMS spread 
in our light curve is 0.01 magnitudes. 

S Ori 25 = 2MASS J05390894-0239579 fCaballero et~aTI (|2004l ) detected periodic variability with a period of 
40±8 hours (1.7±0.3 days) and amplitude 0.15±0.02 magnitudes. We also find variability, but with a period of ^2.6 
days, and amplitude ^0.025. The periods could be consistent with each other if one of the detections selected an alias 
of the true value. However, the 0.046-magnitudes RMS of our light curve implies strong disagreement between the 
amplitudes. 

S Ori 42 = 2MASS J05392341-0240575 lCaballero et all (|2004l) detected a brightness change of 0.11±0.03 from 
one set of photometry to the next, on a time scale of ^2 years. We cannot probe variability on such long time scales 
but find an RMS spread of 0.056, in line with uncertainties expected for field objects of similar magnitude. We also 
fail to detect any periodicities down to the 0.02-magnitude level. 

S Ori J054004.5-023642 = 2MASS J05400453-023642l lCaballero et all (|2004l ) found variability on night-to- 
night time scales and amplitude 0.073 magnitudes. Likewise, we detect this objects as a variable with a period ^18 
hours and amplitude 0.03 magnitudes. 

S Ori J053948. 1-022914 = 2MASS J05394826-0229144 IScholz fc Eisloffell (|2004h noted this object (their 
#108) as a variable (although not periodic) with an /-band RMS spread of 0.139, as compared to a median noise level 
of ~0.08 magnitudes. We do not detect any such variability, down to our noise floor of ~0.04 magnitudes. 

S Ori J053825.4-024241 = 2MASS J05382543-0242412 This brown dwarf and was highlighted by 
iCaballero et~aT1 ((2006) as a substellar accretor, as indicated by strong Ha and other spectroscopic emission line features. 
They observed its /-band light curve to undergo day-to-day variability of ^0.25 magnitudes, with smaller variations 
on shorter time scales. We redetect high-amplitude non-periodic variability with /-band RMS 0.55 magnitudes and 
peak-to-peak amplitude 0.16 magnitudes, confirming that this object likely continues t o accrete. 

S Ori 27 = 2MASS J05381741-0240242 Variability was previously reported by ICaballero et al.l (|2004l ). with a 
period of 2.8±0.4 hours. However, the source appears to be constant to within the photometric errors of our data; we 
find no evidence of periodic signals with amplitudes greater than several millimagnit udes . 

S Ori 28 = 2MASS J05392319-0246557 Variablity was previously detected ICaballero et all (|2004l) . with a 
period of 3.3±0.6 hours but is not re-detected in this data. For this source, we are sensitive to periodic signals down 
to 0.004 magnitudes at periods less than 8 hours and ~0.01 magnitudes for longer tim e scales. 

S Ori 31 = 2MASS J05382088-0246132 Variability was previously detected by iBailer- Jones fc Mundl (|2001h , 
with potential periods of 1.75±0.13 and 7.5±0.6 hours. We do not detect variability on any time scale, but are sensitive 
down to an amplitude level of ^0.004 magnitudes. 

S Ori 45 = 2MASS J05382557-0248370 Variability was previously detecte d bvlZapatero Osorio et all (l2003h . 
with possible periods of 46.4±1.5 minutes, 2.56±0.10 hours, and 3.6±1.2 hours. IBailer- Jones fc Mundtl (|2001l ) also 
reported a tentative detection of periodicity at 0.50±0.13 hours. We detect variability at a longer period of ^7 hours 
a nd amplitude 0.03 magn itudes . 

IHernandez et all (|2007l ) have extracted a number of objects from the CIDA Equatorial Variability Survey (| Vivas et al.l 
l2004f h Twenty-five of these are in our fields, and we redetect variability in all but one of them (2MASS J05385317- 
0243528). These objects, a l l but five of which display aperiodic variability, have the following identification num- 
bers from IHernandez et al.l (f2007h and 2MASS: S0848 (2MASS J05390193-0235029), S01154 (2MASS J05393982- 
0233159), S01235 (2MASS J05395038-0243307), SO1260 (2MASS J05395362-0233426), S01361 (2MASS J05400889- 
0233336), S0362 (2MASS J05380826-0235562), SO300 (2MASS J05380107-0245379), S0123 (2MASS J05373784- 
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0245442), S0374 (2MASS J05380994-0251377), S0396 (2MASS J05381315-0245509), S0435 (2MASS J05381778- 
0240500), S0462 (2MASS J05382050-0234089), S0482 (2MASS J05382307-0236493), S0598 (2MASS J05383460- 
0241087), S0646 (2MASS J05383902-0245321), S0827 (2MASS J05385922-0233514), S0865 (2MASS J05390357- 
0246269), S0879 (2MASS J05390540-0232303), S0976 (2MASS J05391699-0241171), SO1017 (2MASS J05392286- 
0233330), SO1036 (2MASS J05392519-0238220), SO1057 (2MASS J05392677-0242583), S01153 (2MASS J05393982- 
0231217), S01182 (2MASS J05394318-0232433). 
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ZlVlAoo JUOo ( ZoUO-UzoOUOO 


oL^oy 








lo 


9A/TAQ.G. T0^373£A£ 09A1 ^(\7 
Z1V1 AOQ J UOO ( 00*4:0- UZ^tlOO I 


O \Jl\ ^tU, IvJIN t 0, uUllO 


M 7 
1V1 ( 




u r , xlCt, Ijl, INd 


1 ,^,0 


ZlVlAoo JUOo / o / o4-Uz4044z 


CAAfAAT'l QA GOT OQ 

oWWlo4, ovjlzo 




vl3 
Y 


(PM) 


1 O 
IZ 


MAoo jUooVoVyU-UzooUoo 










ZlVlAoo JUoo / 441o-UZoolyo 












9A/TAQ.Q. 10^37^1(^1 093^9^7 
Z1V1 AoD JUOO / OlOl-UZOOZO i 


<5WW1 9t; T?1 lVTa-writ 7Q7979 t;091 A 

vv vv izo, r 1 , iviciyi il /y/z/z, ouzii 


A/T1 3 
IVll-O 




jntt , iji 


7 
1 


Z1V1AOO JU0o/0zU0-Uzo0U4O 


ivjiNOZ, iviioz, iviayrit /yuz/u 






I'll MA'T?9\ T i "NT^ ('P'^/T^ 
^I/ r 1N1V1: j, J_il, INa, ^Jr^lVl ) 


A O 1 9 

4,y,iz 


ZlVlAoo JU0o/0oyo-Uz4y040 


oVVVVzzi, ivlayrit llzyzzz 




I 


D, (FMj 


1 1 /i 


9A/T ACQ Tfl^QT^/in/l f!9/1 /I A (17 
ZlVlAoo JUOO i 04U4-Uz444U / 


t;\A/"\A/'^si Goo/in 

OVVVVOo, OL^Z4U 






(PM) 


1 9 
IZ 


zMAbb JUoo7o4oo-Uz41U9z 


0WWI74, Bzo7, oOz47, Mayrit 8U9z48 






v r , (JNa JNJV1: u j, D, (FIVlj 


10,12,13 


ZlVlAoo JUOo (0 /40-UZoo444 


Uri iz, ivjiNoy, iviioz, oUzii, iviayrit /zozo/ 


IVlO 




V r , -Lil, INa, D, (.rlVlJ 


l,4,0,y,lz,lo 


9A/TAQQ. T0^37^S/10 09/1 1 9i^9 
ZlVlAoo JUOo ( Oo4U-Uz41ZOZ 


G\A/'\A/'^'i TTS.T1 A/T11Q Gr^»9fiQ A/To-i^if 7K79/1 c; 

ovVVVOo, rvJiNio, iviiio, ovJZoo, iviayrit /o/z40 






V T i IjIj INa, ^JrlVL J 


A O 1 9 


9A/TAQ.Q. 10^37^0,70 09M033 

zivi/\oo j uoo / oy i u-uzoiuoo 










9M A^ic; to^3soo^ 09a c ;oq7 

ZlVl/\oo J UOOoUUOO-UZ'iOUy 1 


ovvvvi^tu, ivii 10, r 4,oUi2yi, iviayrit ooizou 






v r , in a, i^i^ ivi j 


Q 1 9 
y, IZ 


ZlVlAoo JUO00UIU (-UZ40o /y 


OWWloU, IVloO, 0U0UU, IVlayrit o/ozzy 




Vl3 


INa, U, ^1V1 j 


n in iq 

y,iz,io 


9A/T AdQ. TO^SO 1 ^ 1 ^ 093^71 
Zlvl/\00 J UOOoUOOZ-UZOOO / 1 


Ori 10^380^ ^ A/TISfi "^0397 1\/Ta^rri+ ^SS970 

vjri juooouo.o, iviiou, ovjoz/, iviayrit oooz/u 






t;r, INa, U, ^.rJVl ) 


Q 1 9 1 3 

y , iz, 10 


ZlVlAoo JUOooUoZO-UzoOOOZ 


QAA/'AA/'/ll T?Q GOW A/fd^r»-;+ ^/17970 
OVVVV41, ry, IVlayrit 04/Z/U 




V 13 


rr ... t : pi ?PA/T\ 
Jria, J_il, U, ^JrlVlJ 


9 1 9 1 Q 
Z,lZ,lo 


01\/T A GC Tn^QQflOO/l flOC^I Q77 

ziviAoo juooouyy4-uzoio 1 i 


oWWOz, iviloo, oUoi4, IVlayrit lU/ozuy 




Vl3 
Y 


v r , INa, u, ^ivij 


O 1 O 1 Q 

y,iz,io 


9A/TAQ.G. T0^3£1 1 7^ 09A^01 9 

ziviado j uoooi 1 1 o-uz^touiz 


oUOoO 








9A/TAQ.G. 10^3819^ 093(^378 
ZlVlAoo JUOOolZOO-UZOOO (o 












oi\/l A GC in^QQi 01 c: rio/i c:c;nn 

ZlVlAoo JUooololo-Uz4ooUy 


oWWyo, oUoyb, IVlayrit /orzly 




Vl3 
Y 


JJ, (r^lvlj 


12,13 


ZlVlAoo JUOoolooU-UzOlozy 


1/ TM/iQ i\/ri Q7 G/~^/ini "\/r<^,r».;+ i c\a t;on7 
rvJlN4o, IVllo/, oLMUl, IVlayrit !U40zU( 






^, t; Mo /Piv/n 
V r , 1j1, INa, (r^lVlJ 


4,y,iz 


9MA c l t l T05381 58Q 0934/1.1 9 


S0424 








2MASS 105381 fil 0-0238049 


S Ori 10^3816 SWW1 2 KTN11 M1(S7 Mavrit 4472^4 






1? T,i Na (PM) 


4 Q 1 2 
4,y,iz 


9A/T A 70^381 741 0940949 

ZlVlrt.00 J UOOO 1 I 


^ Ori 97 K" TN"fiO M14fi A/fa^rrit 48S937 
o ut i z ( , rv j in uu, ivi r^u, iviayi i l ^oozo ( 


M7 fMfi 

1V1 ( ( 1V1U.O t 


yl5 


ii T i lVn ^PA/T^ 

(/j- , J-jij in a, i r ivi i 


1 3 4 Q 1 9 

i,o,4,y,iz 


T05381 778 0940500 


Dvi 10^3817 8 0940^0 F1 7 ^043^ Mnvr\t 4QS934 


yl3 


D, (PM) 


12 13 


9A/TAQ.G. T0^3Si1 £9A 09AS1 43 
ZlVl/\00 J UOOoloZ^t-UZ^iOl^tO 


tl^A/^A/AO A/T17A ^lOAAA A/Ta^rvit S3^90S 

o vv vv^iu, ivii/^, iviayrit ooozuo 






-ji 1\Tq Pi/'TTV 1 ! ^PA/T^ 
Vr-f INa, U^IzjV ) , l^-T 1V1_J 


Q 1 9 1 3 

y , iz, 10 


01\/T A GG Tfl^QQI OQ A nOQZ.QQX. 

ZlVlAoo JU0ooloo4-Uzo0oo0 


o Uri JUOoolo.z-UzoOoy, ivjlN /o, iVlzUo, r iy, oU44o, IVlayrit oyoz/o 






t) r , (Na NM? 4 ), (PM) 


/i n 1 

4,y,iz 


ZlVlAoo JUOoolooO-UzOlooo 


oWWoy, iviloo, OU401, IVlayrit lUlozUz 






,, TS,T„ Pi / / P>T\/T\ 

INa, U, ^JrlVL^ 


(1 in 10 

y,iz,io 


9A/TA C J C . 10^381014 093^970 
zivi/\oo j uooo ly i4:-uzooz 1 y 










12 


2MASS J05382021-0238016 


S Ori 1053820 1-023S02 SWW131 M168 F20 SO460 Mavrit 387252 


M4 




v r , Ha, Li, Na, (PM) 


1 2 3 9 12 


2MASS Tn5382050-0234n8Q 


rfl c i c i82n-n2^4 SWW124 M1f)fi S0462 Mavrit 380287 


M4 


yl2,13 


7? Hrv T n Na D fPM^ 


1 3 Q 1 2 1 3 


9A/TAQ.G. T0^3£908£ 09A£1 39 
Zlvl/\00 J UOOoZUOO-UZ^tOlOZ 


G. Ovi 31 GOAfi^ A/Tcnrvi+ 710910 

o wri oi, oU4DO; iviayrii iiuziu 


1V1 ( 


V 15,16 
i 


/Pl\/T\ 
(F1V1J 


119 
1, IZ 


9A/TAQ.G. T0^3£908Q 09M 9£0 

zivi/\oo j uooozuoy-uzoizou 


A/T13S GOAflfi MnAT-vH- QQA901 

iviioo, ow^too, iviayrit yy^zui 






11 NTo /'PA/T^ 

(; r , in a, 11^ ivi j 


Q 1 9 

y , iz 


oi\/i A go inc;Q009n7 noQc^riQ 
ZlVlAoo juooozoln-uzoo4yo 


oWWluo, Jool, oU4oz, IVlayrit ozyzol 




Vl3 
Y 


V r , (INaiNM: J, JJ, ^Jr M J 


10,12,13 


ZlVlAoo JUOoozooZ-uz4414z 


o Uri JUooozo.o-Uz44i4, oWWloy, KJlNlo, IVloz, £zo, IVlayrit ooyzlo 






IV, Li, (PM) 


4,9,12 


ZlVlAoo juooozo54-uz41ol7 


o Tncroooo no on otx7TX7o noon i n 01 T7 0/^ cn/ion t\/T„ 4 cr <~i 1 

b Uri JU5o82o.D-U241c>2, bWWo, B22y, M121, -bib, bU489, Mayrit 459224 






v r , JNa, (FMj 


9,10,12 


<Jri juooozo.1-Uz4oUz 


S Ori 53 








2MASS J05382543-0242412 


S Ori J053825. 4-024241, SO500, Mayrit 495216 


M6 


Y6,12 


« r , Ha, FL, D, (PM) 


6,8,12,13 


2MASS J05382557-0248370 


S Ori 45 


M8.5 




v r , Ha, Li, FL 


1,3,5 


2MASS J05382623-0240413 


S Ori J053826. 1-024041, KJN58, M141, SO509, Mayrit 395225 


M8 (M5,M6 6 ) 


yl5 


v r , Li, Na, (PM) 


1,4,6,9,12 


2MASS J05382684-0238460 


S Ori J053826. 8-022846, B368, M163, S0514, Mayrit 316238 




Ur, Ha, Li, Na, D, (PM) 


2,9,10,12,13 


ZlVlAoo JUOooz /zO-Uz40Uyo 


4/ (1-41, roz, 1VJ1N ( , OvJOlo, IVlayrit OUyzUU 






V r , rltt, Lil, rlj, U 


1 Q 1 Q 

l,o, lo 


2MASS J05382750-0235041 


S Ori J053827.5-023504, SWW67, M96, F33, SO520, Mayrit 265282 


M3.5 




« r , Ha, Li, Na, D, (PM) 


2,9,12,13 


2MASS J05382774-0243009 


SWW87, F34, S0525 






v r , Ha, Li, (PM) 


2,12 


2MASS J05382848-0246170 


SWW188 








2MASS J05382896-0248473 


S Ori J053829. 0-024847, M170, S0537, Mayrit 803197 


M6 




v r , Na, D 


1,8,9,13 


2MASS J05383141-0236338 


SWW50, S0562, Mayrit 203260 






v r , Ha, Li, D, (PM) 


2,12,13 


2MASS J05383157-0235148 


r053831-0235, SWW49, F44, S0536, Mayrit 203283 


MO 




v r , Ha, Li, D, (PM) 


1,2,3,12,13 


2MASS J05383160-0251268 


SWW178, S0564, Mayrit 947192 






(PM) 


12 


2MASS J05383284-0235392 


r053832-0235b, S0572, F54 






-y r , Ha, Li 


2 


2MASS J05383302-0239279 


F50, S0576 






(PM NM? 12 ) 





TABLE Al — Continued 



Object 


Other IDs 


SpT 


Variable? 


Membership evidence 


Refs 


2MASS 105383335-02361 76 


SWW1 SO F52 SQ5S2 






(PM) 


12 


2MASS 105383388-0245078 


S Ori J053833.9, KJN36, M202, Mayrit 571197 






(v r NM? 9 ), Li, Na, D, (PM) 


4 8 9 12 


2MASS J05383405-0236375 


r053833-0236, bWW66, F54, b0587, Mayrit 165257 


M3.5 




v r , Ha, Li, FL, D 


1,2,3,13 


2MASS J05383460-0241087 


S Ori J053834. 5-024109, SWW80, b0598, Mayrit 344206 




yl3 


D, (PM) 


12 13 


2MASS J05383669-0244136 


S Ori J053836. 7-024414, SWW16, M63, S0621, Mayrit 508194 






v r , Ha, Li, (PM) 


2,9,12 


2MASS J05383745-0250236 


SWW11, M155, S0628, Mayrit 870187 






v r , Na, (PM) 


9,12 


2MASS J05383858-0241558 


S Ori J053838.6, KJN44, B215, M114, S0641, Mayrit 368195 


M5.5 




v r , Li, Na, (PM) 


4,6,9,10,12 

J 7 7 J 


2MASS J05383902-0245321 


SWW31, M156, S0646, Mayrit 578189 




y!3 


v r , Ha, Li, D, (PM) 


2,9,12,13 


2MASS J05383922-0253084 


b0648 






(PM NM? 12 ) 




9MAbb T0538531 7 0943598 

Z1V1.T10D dUJOOJOl / UilOOiO 


bWW47 F106 b0785 Mavrit 48Q1 65 




yl3 


71 TTa 1 i (PMI 


2 12 


2MASS T05385382-0244588 


S Ori 1053853 8-024459 






CPM1 


12 


9M AQQ TO^^S^zLQ? 099X^8'} 

Zlvl.r\.00 d UOOOO^tyZ -\J££OO0O 


SWW10 SF77 KTN91 S0797 Mavrit 449090 




yll 


i) T,i Na ("PlVLl 


4 1 9 


9MASS T0 c i^X r i4Q9-094D^ c i7 


S Ori 1053854 9-024034 








g 


9A/ta^;cj to^s^z^ 09zii908 

ZlVl/\00 JUOOOOO i lZ-UZ41ZUO 


o vjn juooooo.4-uz4izi, ividyriL 000104 


1V10 


V 12 


Ha, FL, D, (PM) 




zivi/\oo JUOOOODZO-UZOllOO 


T<"1 09 Q1 








9A/fA^CJ T0 c i'}8^Q99 09'3 i }Mzl 

zivi/\oo juooooyzz-uzoooi i ± 


^OS97 CJ'\A7"\A7'997 "P11S A/Tia^rri+ 9^90^0 

ovjoz t , ovvvvzzi, r 110, ivitiyrii zozuoy 




Vl3 


ii V\rv T i Tl rPA/T^ 

u r , net, 1j1 , u, ^Jr^ivij 














2MASS T05390052-0239390 


4771-10 c ,fi F192 










2MASS T053901 1 5-0236388 


KJN9, M213, F124, S0841, Mayrit 249099 






7?^ Li Na CPM , 1 


4 9 12 


2MASS T053901 93-0235029 


SOS48 S Ori 1053902 1-023501 Mavrit 264077 


M3 


yl3 


Ha FT, T) fPMl 


7 8 12 13 


9MA t i c i T0 c i' : iQ097fi 099Q c i ,: i& 
zivi.tj.oo dujoyu^ 1 u Uiifojo 


SWW9R P19fi ^DS^^ A/Tavrit 4^S0S7 
OVVVVZO, JT±ZU, OUOOOj IVldy 1 1 L IJOUO I 






?j Hrv T i TPMi 
(Jr j net, 1 1 ivi ) 


2,12 


S Ori TOS^Qfn 9-09*3090 


S Ori 51 








OMAQC TO^OO^ 1 ^ 094fi9fiQ 
zivi.r\.oo j uooyuou / -uz'iuzuy 


QWW1 99 CJOSfi^ Mavrit RS71 ^fi 
OVVVV-LZZ, OV7OO0, IvldyilL Uo I -LOU 




yl3 




io 1Q 

-LZ, lO 


9A/f A^CJ TO^QOzlzlQ 09^8^^^ 
zivi.r\oo J uooyu^y-uzoooOo 


C! Ori 1 7 t;OS70 A^Ta^rri+ ^'izll 1 8 

o vjn i/, owo/u, ivid,yriT oo^iio 


IvlO 




T i 


1 ^ 
1,0 


ZMAoo JU0oyU40o-UZ414yo 


oUoi 1, ivlayrit 40S14U 




I 


D, (FMJ 


1 O 1 Q 

lz,lo 


ZMAoo JUo l 5yUoz4-Uz l 5oL;UO 


oWVVlfO, 1vJ1N4, r lol, oUoii, Mayrit vSooUdU 






Vrj J-'lj 1N3L) V^MJ 


/I 1 o 

4,12 


zMAoo JU0oyU04U-UzoZoUo 


/1 771 1 H7f; 17TM7 QOS7Q A/Toi7-ri+ Q7/1 fl^fi 
4( /1-lU/O, rv JIN ( , r IvSZ, oUo/y, Mayrit o ( 4U0D 




V 13 


f r , Ha, Li 


1 O Q 


otto Tn^Qru^fizi fi9^sn c in 












zivi/\oo j uooyu / oy-uzzozo'4: 


rO^^Qn7 099S l ^\AAA/'1 91 ^TTQO TT1 ^7 QflSQfi A/Tc,Arri+ ^710*^7 

ruooyu * -uzzo, ovvvvizi, O-cjoz, r 101, ouoyo, iviayrit 0/ iuoi 


IVlO 




D r , Ha, Li, (PM) 


1 9 ^ 1 9 
1 ,Z,o, 1Z 


zmaoo juooyu* ou-uzozoyi 


4/ /i-iuyz, r lvjo, oL^oy/, Mayrit oyiuou 






ii tt^Y t i TVnrpA 


O 1 Q 
Z, lo 


91\/TA ( ^ I 3 Tfl^^QflSflS 099£Azl7 

zivi.ri.00 j uooyuouo-uzzo^t^t 1 


Q Ori 8 ^"PS^ ^OQOI A/Tmrrit ^^SO^Q 

wri 0, O-cjoo, ouyuij iviayrit ooouoy 






U \ Hi V ^, ^r^lvl^ 


1919 


9A/TA ( ^ 1 ^ Tn^^QflS91 fl9^99SzL 
ZlVl.ri.00 J UOOyUoZl-UZOZZO'4: 


^ Ori 7 ^l\^/'\^/'1 OS ^OQ09 A/Tcnrri+ A100^Q 

wri (, vv vv luo, ouyuz, iviayriL ^iiuuoy 






{FWL) 


1 9 
1Z 


9A/fA^CJ TO"^ ^00878 09^111^ 

zivi.ri.00 j uooyuo 1 o-uzoi 1 10 


^WW1 9Q CJOQ08 A/fairril- zlfilO^I 

vv vv izy, ouyuo, iviayiiL 'iuiuoi 






T) ("PAA\ 


19 19 


zmaoo JuooyUoy4-uzoyo /y 


LJri zd, r 14U, ovjyll, Mayrit 4oolzo 


M/.O (IVlD.O ) 


Vl5 
Y 


Vr-, -tlCK, Lil, ^Jr 1V1J 


1 K 1 O 
1,0, iz 


2MASS J05391001-0228116 


S Ori J053909. 9-022814, KJN33, S0917 


M5 




NMf ' , D(EV) 


1,4,12,13 


2MAbb J05391003-0242425 


b0918, Mayrit 552137 






(PM) 


12 


S Ori J053910. 8-023715 


b Ori 50 








2MAbb J05391139-0233327 


bOri J053911. 4-023333, KJN42, b0925, Mayrit 425070 


M5 




v r , Li, Na, (PM) 


1,4,12 


2MAbS J05391151-0231065 


bWW195, F144, b0927, Mayrit 497054 






Vn Ha, Li, D, (PM) 


2,12,13 


zMAoo JUooyllDo-UzooUzo 


4771-lUoo, KJJNo, oWWloo, r 145, bUyzy, Mayrit 4Uo(JyU 






v r . Ha, Li 


1,2,3 


zlVlAoo JUooylzoZ-UzoUUu4 


oWWzUo, r 14/, oUyoo, Mayrit o44U4y 






^JrM ) 


12 


ZMAoo JUOoyloUo-UZvS/oUy 


ovjn oU, bUyoo, Mayrit 4oolUo 


MO 




U, I Jr 1V1 ) 


i c n io 


zMAoo JUooylo4o-Uzo/v>yl 


1 14o, oUy4U, Mayrit 4411Uo 






(PM) 


12 


ZMAoo JU0oyl44/-Uzzoooo 


ovjn JUooyi4.o-Uzzoo4, oWWyo, oH/oo, r l4y, ovjy4o, Mayrit oolU4o 


Mo.O 




V r , J_j1, ( JrM J 


1 Q 1 O 

1,3,12 


zMAoo JUooylolU-Uz4U4/o 


oUri lb, oUy5/, Mayrit ooolzz 






(PM) 


12 


ZMAOO JUOoyiO iO-UZooZuZ 


QOri 9fi 

ovjn zo 


M4.0 




/"pi\/n 

(PMJ 


1 19 
1,12 


2MASS J05391582-0236507 


S0967, Kl.02-4, F151, Mayrit 468096 






D CPM) 


12,13 


2MASS J05391699-0241171 


F153, S0976, M578123 




yl3 


(PM) 


12 


2MASS J05391883-0230531 


4771-0910, S0984, F157, Mayrit 596059 






D r , Ha, Li, D 


2,13 


2MASS J05392023-0238258 


S Ori 5, SWW60, S0999, Mayrit 551105 






(PM) 


12 


2MASS J05392097-0230334 


S Ori 3, KJN20, F160, SO1005, Mayrit 633059 






jj r , Li, Na, (PM) 


4,12 


2MASS J05392174-0244038 


SO1009, Mayrit 735131 






D(EV) 


13 


2MASS J05392224-0245524 


S Ori J053922. 2-024552, SO1013 








2MASS J05392286-0233330 


r053923-0233, SWW185, F161, SO1017, Mayrit 590076 


M2 


y!3 


v r , Ha, Li, (PM) 


1,2,3,12 



TABLE Al — Continued 





ujecx 




op 1 


Variable : 


Membership evidence 


IXCIS 


2MASS 


J05392307-0228112 












2MASS 


J05392319-0246557 


S Ori 28, KJN64, Mayrit 872139 




ylS 


[v r NM? 9 ), Li, Na, (PM) 


4,9,12 


2MASS 


J05392341-0240575 


S Ori 42 


M7.5 


yl5 


Ha, D 


1,8 


2MASS 


J05392435-0234013 


SWW127, M191, F164, SO1027 






?V, Ha, Na, (PM NM? 12 ) 


2,9 


2MASS 


J05392519-0238220 


SWW135, F165, SO1036, Mayrit 622103 




yl3 


v r , Ha, Li, D 
ii Na rPM NM? 12> 1 

Uqr , 1 N d , 1 IT 1V1 1 N 1V1 . 1 


2,13 


9M ASS 

_. 1V1 rt. O O 


T0 c i' : tQ9 c i94 099747Q 


P.1^7 SO10^7 






10 


2MASS 


T05392560-0238436 


HH446, Mayrit 633105 






(PM) 


12 


2MASS 


J05392561-0234042 


SWW7, SO1043, Mayrit 623079 








2MASS 


105392633-0228376 


SOri 2 SWW164 SF93 SOI 050 Mavrit 764055 




Y 11 


D, (PM) 


12 13 


9M ASS 


10^^9(^77 0949^^^ 
juooyzui t -\j£'-±£ooo 


SWWd. 1 ^ SDIO 1 ^ Mavrit 7^fi1 9zL 




y!3 


n/pvl CPM1 

i-J \ i_J VI, 1 i 1V± j 


12 13 


2MASS 


J05392685-0236561 


S Ori 36, KJN74, M177, SO1059 






v r , Li, Na (bin?), D 


4,8,9,13 


2MASS 

w 1V± A k_) kj 


105393056-0238270 


SOI 081 SWW222 R260 F169 






Ha fNM? 2 > lc M 


2,10 


2MASS 


105393234-0227571 


SO1092, Mayrit 861056 








2MASS 


J05393432-0238468 


S Ori 21, KJN61, M126, SO1108, Mayrit 761103 






v r , Li, Na, (PM) 


4,9,12 


2MASS 


J05393673-0231588 


B237 






v r , (Na NM? 10 ) 


10 


2MASS 


J05393759-0244304 


S Ori 14, KJN49, M169, SOH35, Mayrit 942123 






v r , Li, Na, (PM) 


4 9 12 


2MASS 


J05393931-0232252 


S Ori 4, SWW107, M117, SOH51, Mayrit 839077 






(PM) 


12 


9M ASS 


TO^Q^Qf^ 09^1917 


O \-S _L _L O O , 1V1 a y 1 1 L Ol 1UI 1 




yl3 


D 


13 




Tn^QOQOC9 H9QQ1 f^O 

juooyoyoz-uzooioy 


ri/4, ovjii04, iviayrit o4iu/y 




V 13 


D, (PM) 


12,13 


9A/T A SS 


TO^Q^QQS 09A^0Q7 

j UDoyoyyo-uz^touy / 


TTI 7^ SOI 1 






i j 


i ^ 
lo 


iMAbb 


JUooy4Uo f-Uzoylzo 


bUllbz, rizoo 






V r , INa, (r^M IN Mi ) 


10 


2MASS 


J05394318-0232433 


S Ori J053943. 2-023243, SWW75, SOH82, Mayrit 897077 




yl3 


D, (PM) 


12,13 


iMAbb 


JUooy4411-UzolUyz 


bUlloy, Mayrit yobU/z 








oi\/r ASS 


TO^QzLA 1 ^ 093^097 
j uooy i ± i ±oo-uzoouz i 


S Ori 11 M110 S011Q1 AAavrit- Q1007Q 


M6 




v r , Na, (PM) 




9M ASS 


10^^0479^ 09/L1 

j uooc/'-t t zo uz i ±±Otjy 


SWW1 Q9 
o vv vv ±yz 








2MASS 


T05S94770-02S6230 


R17Q SOI 21 6 






v r , Na, (PM) 


9,10,12 


2MASS 


J05394784-0232248 


S01217, Mayrit 969077 






2MASS 


J05394799-0240320 


SWW32, S01219, Mayrit 986106 






(PM) 


12 


2MASS 


J05394806-0245571 


S Ori J053948. 1-024557, SWW92, SO1220 






(PM) 


12 


2MASS 


J05394826-0229144 


S Ori 1053948 1-022914 SF108 


M7 


yll 


NM? 8,12 


1 


2MASS 


105394891 -02291 1 


SWW126 R319 

kj VV VV liUi JJOli/ 






(v NM' 10 ) Na 


10 


9M A SS 


TO^Q^O^S 094*^^07 

j uooyouoo-uz'ioou i 


S019'3 c i A/TaifT-il- 108911^ 

ouizoo, iviayriL luoziio 




V 13 




9A/T A SS 


TO^Q^O^ 09341^7 


S Ovi TO^^Q^O 09^A1A K T1SJ1 Q A/T1 1 ^ SOI 9*38 A/T«^rri+ QQ90SZL 

o wri j UDoyou.D-uzo4i4, rvjiNiy, ivii±o, owizoo, iviayrii yyzuo4 






Uf , J_il, iNa, ^r^lVl^ 

Na, (u r NM? 9 ), (PM) 


A Q 1 9 


zMAbo 


JUooyozoD-UzoDl4/ 


b Uri JUooyoz.o-Uzobio, M1U4 






9,12 


9A/T A QC. 
ZlVl/Voo 


Tfi<^QG^9/12 H9Q9H9Q 
J UDoyOZ'iO-UZoZUZo 


bUlzOU 








9M ASS 

Z1V1.tj.QD 


TO^Q^I *3 094*308'} 












9M A SS 


TO^Q^ 1 1 09^090/1 

j uooyooio-uzouzy i ± 


A/f 900 






Vf , In a 




OH. 1ACC 

ZMAbb 


J UooyooDZ-Uzoo4zD 


bUlzbU, Mayrit iU41Uoz 




Vl3 
Y 


D, (PM) 


12,13 


ZMAbb 


juooyo4oo-uzo/ toy 


b vjri JUooyo4.o-Uzo i zu, iviyo, bvjlzbo, Mayrit lU4ouy4 


TV /T« 

1V10 




lf r , INa, JJ^liJJ, ^Jr^lvl ) 


A Q n 1 O 1 Q 


2MASS 


J05395645-0238034 


SOriJ053956.4-023804, B143, M93, S01285, Mayrit 1081097 






v r , Na, D, (PM) 


10,12,13 


2MASS 


J05395753-0232120 


S Ori J053957.5-023212, M131, S01295, Mayrit 1114078 






v r , Na, (PM) 


9,12 


2MASS 


J05400338-0229014 


S01337, Mayrit 1250070 








2MASS 


J05400453-0236421 


S Ori J054004.5-023642, KJN73, M102, S01338, Mayrit 1196092 




yl5 


IV, Na, D, (PM) 


4,8,9,12,13 


2MASS 


J05400525-0230522 


S Ori J054005. 1-023052, M143, S01344, Mayrit 1245076 


M5 




v r , Ha, Li, Na, D 


1,3,9,13 


2MASS 


J05400708-0232446 


S Ori J054007. 1-023245, M125, S01353, Mayrit 1249081 






v r , Na, (PM) 


9,12 


2MASS 


J05400867-0232432 


SO 1359, Mayrit 1273081 








2MASS 


J05400889-0233336 


S01361, Mayrit 1269083 




y!3 


D 


13 



c 



o 

o" 
P 



cc 
cc 



TABLE Al — Continued 



Object Other IDs SpT Variable? Membership evidence Refs 



Note. — Wc list confirmed and candidate a Ori members with available photometry available from o ur monitoring campaign. Column two provides alterna te identifica tions based on previous 
membership surveys of the cluster (we omit studies that are primarily follow-up). "S Ori," objects arc from Bcjar ct al. ( 1999, 2001), "r" and "4771-" ids arc from Wolk ( 1996)'s x-ray-sclccted source 
list, "SO" objects are from [Hernandez ct al. (2007)'s list of candidate cluster members, and Mayrit num bers are from the M ayrit catalog compiled by Caballcro ( 2008JK All ot her ids correspond 
to the author(s)'s i nitial followed by th eir own n umbering system: SWW numbers r efer to the survey of [ Sherry et all J200l) ; KJN is the survey oflKenyon et all d2005|) , SE is IScholz Eisloffej 
d2004fl . M refers to lMaxted et alj d2008T ). B is for lBurningham et all d2005iY and F is lFranciosini et al.) d2006h . Source HH446 is from from I Andrews et all d2004D . The six objects without ids were 
found in this work (see §7.1.1). We also note that several of th e objects identified hi TSheTr^^^iTT "i 2004T) are duplicated in their list and thus only included once h ere (SWW103 is SWW207; 
SWW126 is SWW162). Based on the finder chart provided by iBeiar et al.l l|1999|) . we also conclude that S Ori 26 is incorrectly identified by [hodicu ct al. (2009); the actual object is their 
UGCS J05:39:15. 76-02:38:26. 3, a proper-motion selected tr Ori member. The membership evidence column refers to photometric and spectroscopic measurements that confirm the object's youth 
and/or cluster membership, e.g., Ha or Na emission l ines indicative of low gravity, forbidden emission lincs(OI, Nil, SII; "FL" ) , presence of Li absorption, radial velocity ( "v r " ) consistent with the a 
Ori mean (27 < v r < 37 km s -1 ; I Jeffries et al.ll2006l) . infrared excess from Spitzer indicative of a disk ("D"), and proper motion ("(PM)") consistent with sigma Ori membership (wc have applied 
parentheses since this latter criter ion is not enough to defi nitively select memb ers but is usefu l for e liminating some non-members). Disks noted as "EV" or "TD" refer to evolved and transitional 
disks, respectively, as classified by I Hernandez et al.l {20071). We note that whi le [Ljiliina i ne^aljj20p^) d id not exp licitly list which stars have infrared excesses indica I ive of disks, we have used their 
photometry (derived from Spitze r images acquired by Hernandez ct al. (2007) and S cholz & Jaya wardhana (2008])) to identify disk-bearin g candidates (§7.4). U nsurprisingly, wc recover all but one 
of the disks already identified by[Caballcro ct al. (2007) and Hernandez ct al. (2007|) from the same images. We therefore do not include lLuhman et all l j200Sf) in our disk references, except in the 
case of the one newly-idcntiflcd disk-bearing object, 2MASS J05375398-0249545. We do not list objects that arc saturated in our photometry or were presented in the above references but later 
determined to be non-members. Objects with evidence both for an d against membershi p are listed with an "NM" along with the the sp e cific c ri terion sugg esting non-me mbership. References fo r 
this information are as f ollows: ^jBjyj^adjjy ^avascu es et alj |2003| ), ^Sacco et alj 120081). IZapatero Osorio et al.l 12002D, IKenvon et al.l (1200511 . IMuzerolle et al.l 12003D, TCaballcro ct al.l 120061) 
ICaballero et al.l 112003). ICaballero et al.l 120071). IMaxted et alJ1200a), x HBurningham et all 12005D . MScholz &: Eisloffejl 112004 1 ^Lodieu et alJl200Sl) , ^Hernandez et all 120071) , iLuhman et al.l 
( 2008). ICaballero et al.l 12004T ), ^Bailer-Jones fe Mundti 120011) . ^ IZapatero Osorio et alj l20o3T 



Photometric monitoring of a Orionis 



TABLE A2 

Photometry of confirmed and candidate cluster members 

in the sample 





Object 




R 












J 




H 


K 


atv t A n n 

2MASS 


J05372806-0236065 


16 


,37±0. 


.03 


15 


,10±0 


.03 


13 


.74±0 


.03 


1 AA I A AA 

13.08±0.03 


1 A AA I A AA 

12.80±0.03 


a~\ it A no 

2MASS 


J05373648-024I567 


19 


.88±0 


.07 


17 


.90±0 


.05 


15 


.47±0 


.05 


1 A A A I A A r" 

14.94±0.05 


-I A f f~' I A 1 A 

14.56±0.10 


A ~\ ,r A n n 

2MASS 


J05373784-0245442 


15 


.22±0 


.03 


14 


.00±0 


.03 


12 


.69±0 


.03 


11 Ah* I AAA 

ll.95±0.02 


1 1 TA 1 A AA 

11.72±0.03 


2MASS 


J05375161-0235257 


14 


.49±0 


.03 


13 


.27±0 


.03 


11 


.89±0 


.03 


11 1 T 1 A AA 

11.17±0.02 


1 A AA I A AA 

10.98±0.02 


A TV ,T A n n 

2MASS 


J05375206-0236046 


19 


.23±0 


.05 


17 


.26±0 


.04 


15 


.14±0 


.04 


1 A h* h* I A A A 

14.55±0.04 


1 A AA 1 A A /"* 

14.20±0.06 


A A it A nn 

2MASS 


1 /1 r' »"> t r' »"> r\ a 1 \ ,~\ i a f a t 

J05375398-0249545 


18 


.17±0 


.04 


16 


.77±0 


.03 


14 


.52±0 


.03 


1 A Ah* I AAA 

13.25±0.02 


1 A A /~* I AAA 

12.46±0.03 


A TV T A n n 

2MASS 


J05375404-0244407 


15 


,85±0 


.03 


14 


.49±0 


.03 


13 


.02±0 


.03 


1 A A A I A AA 

12.34±0.03 


1 A 1 A I A AA 

I2.l0±0.02 


a T\ ,r A n n 

2MASS 


J05375486-0241092 


17 


.08±0 


.04 


15 


.36±0 


.04 


13 


.50±0 


.03 


1 A AA I A AA 

12.90±0.03 


1 A A 1 A AA 

12.64±0.03 


rtj ,i * n n 

2MASS 


TAP'Onr'17 J r" A AAA A A A 

J05375745-0238444 


18 


.12±0 


.05 


16 


.25±0 


.04 


14 


.23±0 


.03 


1 A f A I A AA 

13.63±0.03 


1 A AA 1 A AA 

13.29±0.03 


a i\ ,t A n n 

2MASS 


TAf a t r~ a \ / \ / \ A i 1 .~\ / * c\ 

J05375840-0241262 


17 


.19±0 


.04 


15 


.32±0 


.04 


13 


.29±0 


.03 


1 A TA I A AA 

12.70±0.02 


1 A J A 1 AAA 

12.42±0.03 


A TV ,T A n n 

2MASS 


J05375970-0251033 


12 


.80±0 


.10 


12 


.05±0 


.03 


10 


.69±0 


.03 


A AT I A AA 

9.87±0.02 


A T1 I A AA 

9.71±0.02 


A T\ ,T A n n 

2MASS 


J05380055-0245097 


1G 


.23±0 


.04 


14 


.52±0 


.04 


12 


.73±0 


.03 


1 A AA I A AA 

12.08±0.02 


ll.82±0.02 


A TV ,T A n n 

2MASS 


J05380107-0245379 


1G 


.16±0 


.04 


14 


.47±0 


.04 


12 


.41±0 


.03 


1 1 t~* C\ I A AA 

ll.62±0.02 


11 1 A I A AA 

ll.l2±0.02 


A "ft ,T A n n 

2MASS 


J05380552-0235571 


19 


.61±0 


.06 


17 


.69±0 


.04 


15 


.28±0 


.04 


1 A TT I A A t~* 

14.77±0.06 


1 A A A I A A T 

14.24±0.07 


a i\ ,t A n n 

2MASS 


TAfr»AAAr\A* /1 /~\ ,"\ r' /"* t"^ 

J05380826-0235562 


15 


.18±0 


.03 


13 


.86±0 


.03 


12 


14±0 


.03 


1 1 AA I A AA 

ll.38±0.02 


1 1 A P* I A AA 

ll.05±0.02 


A "\ ,T A O O 

2MASS 


J05380994-0251377 


15 


.24±0 


.03 


13 


.88±0 


.03 


12 


.34±0 


.02 


11 f T I A A A 

ll.57±0.02 


11 A A I A AA 

ll.24±0.02 


r\ "iv ,t A n n 

2MASS 


J05381175-0245012 


13 


.16±0 


.12 


12 


.22±0 


.03 


10 


.47±0 


.03 


A TA I A AA 

9.72±0.02 


9.43±0.02 


a a if a n n 

2MASS 


J05381315-0245509 


14 


.66±0 


.03 


13 


,51±0 


.03 


12 


.07±0 


.03 


1 1 A /"* I A AA 

ll.26±0.02 


1 A TT 1 A AA 

10.77±0.02 


2MASS 


J05381330-0251329 


18 


.54±0 


.05 


16 


.62±0 


.04 


14 


.57±0 


.03 


1 A AA I A AA 

14.00±0.03 


1 A /"* A I A A A 

13.63±0.04 


2MASS 


J05381589-0234412 


14 


.06±0 


.02 


13 


.37±0 


.02 


12 


.37±0 


.03 


1 1 T r* I A AA 

ll.75±0.02 


1 1 P* A 1 A AA 

11.59±0.02 


a i\ ,t A n n 

2MASS 


J05381610-0238049 


16 


.85±0 


.04 


15 


.22±0 


.04 


13 


.58±0 


.03 


1 A AA I A AA 

12.88±0.02 


1 A 1 I A A A 

I2.6l±0.03 


r\ "iv ,t A n n 

2MASS 


1 / ! r i'i A 1 "~ 1 1 AA < AA 4 A 

J05381741-0240242 


19 


.24±0 


.05 


17 


.22±0 


.05 


14 


.83±0 


.03 


1 A A 1 I A A A 

I4.3l±0.04 


1 A AA 1 A A P* 

14.09±0.05 


2MASS 


J05381778-0240500 


16 


.77±0 


.04 


15 


.00±0 


.04 


13 


.20±0 


.03 


1 A r* A I A A A 

12.58±0.02 


1 A A A 1 A AA 

12.24±0.02 


a i\ ,t A n n 

2MASS 


J05381824-0248143 


15 


.23±0 


.03 


14 


.18±0 


.03 


12 


.76±0 


.03 


1 A AA I A AA 

12.02±0.02 


1 1 AA I A AA 

ll.80±0.02 


2MASS 


J05381834-0235385 


20 


.39±0 


.08 


18 


.24±0 


.05 


15 


.45±0 


.04 


1 A A A I A A P* 

14.83±0.05 


1 A A A I A A A 

14.49±0.08 


a i\ ,t A n n 

2MASS 


J05381886-0251388 


15 


.71±0 


.03 


14 


.25±0 


.03 


12 


.81±0 


.02 


-i c\ A A I A AA 

12.04±0.02 


ll.73±0.02 


A TV ,T A n n 

2MASS 


J05381914-0235279 


14 


.26±0 


.02 


13 


.46±0 


.02 


12 


.31±0 


.03 


ll.57±0.02 


ll.39±0.02 


A "IV ,T A n n 

2MASS 


TA^ A AAAA1 AAA AA1 1 ' 

J05382021-0238016 


16 


.06±0 


.04 


14 


.33±0 


.04 


12 


.58±0 


.03 


1 1 A t~* I A AA 

ll.86±0.02 


1 1 /"* 1 1 A AA 

11.61±0.02 


A "1\ :T A 00 

2MASS 


J05382050-0234089 


17 


.00±0 


.06 


14 


.55±0 


.05 


12 


.65±0 


.03 


1 1 AA I A AA 

ll.92±0.02 


11 /-% h* I A A A 

ll.65±0.02 


r\ i\ t A O n 

2MASS 


TAr*OAAAA CA AA A f~' 1 OA 

J05382088-0246132 


19 


.43±0 


.06 


17 


.46±0 


.04 


15 


.19±0 


.04 


1 A f T I A A P" 

14.57±0.05 


1/1 1 z'. I AAA 

14.16±0.08 


A a ,r a n n 

2MASS 


TAKAAAAAA / 1 , "\ r' 1 AAA 

J05382089-0251280 


19 


.13±0 


.05 


17 


.09±0 


.05 


14 


.78±0 


.03 


14.21±0.03 


13.87±0.05 


a t\ ,t A n n 

2MASS 


J05382307-0236493 


17 


,14±0 


.04 


15 


.65±0 


.03 


13 


.80±0 


.03 


1 A 1 T I A AA 

I3.l7±0.03 


1 A TA 1 A AA 

12.78±0.02 


2MASS 


TAKAAAAAA AA* 41 ( t~\ 

J05382332-0244142 


16 


.86±0 


.04 


15 


.17±0 


.04 


13 


.46±0 


.03 


1 A A h* I A AA 

12.85±0.02 


1 A 1 A A A 

12.56±0.02 


a i\ ,r A 00 

2MASS 


J05382354-0241317 


16 


.89±0 


.04 


15 


.13±0 


.04 


13 


.29±0 


.03 


*1 A T A 1 A AA 

12.74±0.03 


1 A A A 1 A AA 

12.40±0.02 


S Ori 


TAh*OAAK 1 AAJAAA 

J053825.1-024802 


21 


.64±0 


.29 


20 


.31±0 


.09 




- 




- 




A "ft ,T A n n 

2MASS 


J05382543-0242412 


18 


.77±0 


.05 


1G 


.96±0 


.04 


14 


.88±0 


.03 


14.16±0.04 


13.57±0.03 


OUT A OO 

2MASS 


TAP'OOAP'P'^T AA^OO TA 

J05382557-0248370 


22 


.38±0 


.38 


20 


.03±0 


.09 


16 


.67±0 


.11 


1 /-% A A I A 1 A 

16.02±0.13 


IP" P* A I A A 1 

15.59±0.2l 


a "ft ,t A n n 

2MASS 


TAr'AAA/^AA AA <A 1 1 A 

J05382623-0240413 


19 


.03±0 


.05 


17 


.05±0 


.04 


14 


.91±0 


.04 


1 A A A I A A A 

14.28±0.04 


1 A AA 1 A A 

13.92±0.06 


a t\ ,r A nn 

2MASS 


TAKAAA/"*A 1 AAAA 1 I'i i \ 

J05382684-0238460 


18 


.12±0 


.05 


16 


.17±0 


.04 


14 


.11±0 


.04 


1 A A A I A A A 

13.48±0.03 


1 A A 1 I A A A 

I3.2l±0.04 


a i\ ,t A nn 

2MASS 


"T A r' A A ATA AA J P'AA/^ 

J05382725-0245096 


13 


.85±0 


.03 


12 


.95±0 


.02 


11 


.96±0 


.03 


1 A TA I AAA 

10.79±0.03 


A A A I A AA 

9.94±0.03 


a a it a nn 

2MASS 


TAP' AAA ™~ P'A / 1 ,"\ i'i r / I ) 1 

J05382750-0235041 


15 


.99±0 


.04 


14 


.45±0 


.04 


12 


.83±0 


.03 


1 A 1 1 I A AA 

I2.ll±0.02 


11 A /"* I AAA 

ll.86±0.03 


a "ft t A n n 

2MASS 


"T A f A A ATT J AAJAAAA 

J05382774-0243009 


15 


.04±0 


.03 


13 


.67±0 


.03 


12 


.19±0 


.03 


11 A r* I A A A 

ll.45±0.02 


1 1 AA 1 A AA 

11.29±0.02 


a i\ ,t A n n 

2MASS 


TAr'AAAA 1 AA 1 / • 1 TA 

J05382848-0246170 


1G 


.33±0 


.03 


15 


.06±0 


.03 


13 


,82±0 


.03 


1 A AA I A AA 

13.20±0.03 


1 A A A 1 A AA 

12.94±0.03 


r\ i\ t a n n 

2MASS 


TAP'AAAAA/^ A A A A ( T A 

J05382896-0248473 


19 


.05±0 


.05 


17 


.06±0 


.05 


14 


.82±0 


.04 


1 A A A I A A A 

14.28±0.04 


1 A AA I A A /"* 

13.88±0.06 


a T\ ,r A n n 

2MASS 


TAKAAA1 I 1 AAA/^*AAA 

J05383141-0236338 


15 


.31±0 


.04 


13 


.89±0 


.03 


12 


.17±0 


.03 


11 A T I A AA 

ll.47±0.02 


1 A AA 1 A AA 

10.99±0.03 


a t\ ;T A n n 

2MASS 


TAP'AAAI r' T A A A 1 ^ A 

J05383157-0235148 


14 


.98±0 
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10 
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Ozt 
.U4 
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10 
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10 


Ozt-l-0 
.U4ZtU 
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1 9 

IZ. 


78-1-0 09 
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ZlVi.tt.DD 


70^' : (Q90Q7 (YilftVlA 

juooyzuy /-uzouoo4 


1 7 
1 1 


^9-1-0 
■ OZztU 


0/1 
.U4 


1 ^ 
10 


.oyztu 


Ozl 
.U4 


1 3 
lo 


.zyztu 


03 
■ Uo 


1 9 
IZ 


7^-1-0 
. ( OztU 


03 
.UO 


1 9 

IZ. 


/I/1-I-0 03 
,44ztU.U0 


9A/f A c:q 

ZlVl.rt.DD 


70^^0917/1 09/1/10^8 
JUOoyZl / 4-UZ44UOO 


1 "} 
10 


9^.-1-0 
■ ZOznU 


OQ 

. u y 


1 9 

1Z. 


^.8-1-0 
.OoztU 


03 
.UO 


1 1 
1 1 


1 0-1-0 
■ lUZtU 


03 
■ UO 


1U 


ztO-l-0 
.4UZtU 


09 
.UZ 


1 n 
iu 


99_|_0 09 
.zzztu. UZ 


9A/T A c:q 

ZlVl.rt.DD 


70^^0999/1 09/1^^9zt 
J UOoyZZZ4-UZ400Z4 


1 

iy 


0^-1-0 


Ozl 
.U4 


1 7 
1 / 


99-1-0 
.zzztu 


Ozt 
.U4 


1 ^ 
10 


39-1-0 
■ OZZtU 


Ozt 
■ U4 


1 A 

14 


8zt-l-0 
.o4ZtU 


0^. 

.uo 


1 A 

14. 


zl1 _|_o 08 
,41ZtU.Uo 


9A/T A c:q 
ZlVl.rt.DD 


70^^09981^ 09 c t' : !' : t' : !0 
j uooyzzoo-uzoooou 


1 ^ 

10 


.OuinU 


0*? 
■ UO 


1 zl 
14 


1 R-l-0 
. lOZtU 


03 
.UO 


1 9 
1Z 


83-1-0 

■ OOZtU 


03 
■ UO 


1 9 

IZ. 


1 3-1-0 
. lOZtU 


09 

.UZ 


1 1 

1 1 . 


87-1-0 03 
.o / ztu.uo 


9A/T a qq 

ZlVLrt_DD 


70^' : tQ9'?1Q 09/IK^^7 

juooyzoiy-uz4Doo * 


1 

iy 


1 1 -I-0 
.OlltU 


0^ 

.uo 


1 7 
1 / 


3^-1-0 
.OOztU 


Ozl 
.U4 


1 K 
10 


33-1-0 
■ OoztU 


Ozl 
■ U4 


1 A 
14 


78-1-0 
. ( oztU 


Ozl 
.U4 


1 A 
14. 


3/1-1-0 07 
.o4ztU.U / 


9A/T A c:q 
ZlVl.rt.DD 


70^ c tQ9' : tzl1 09/10^7^ 
J U0oyZO41-UZ4U0 ( 


91 
Z 1 


Q9-I-0 
.y ZznU 


90 
.ZU 


1 Q 

iy 


zt7-l-0 
.4 ( ZtU 


O'i 

.uo 


1 R 
10 


73-1-0 
. ( OztU 


1 3 
. IO 


10 


Q9-I-0 

.yzztu 


1 9 
. IZ 


10. 


.OOZtU. Zl 


9A/f A c:q 

ZlVl.rt.DD 


70^ c tQ9/l'? c ; 09^/101 "? 
J U0oyZ4O0-UZO4UlO 


1 ^ 

10 


^.9-1-0 
.OZznU 


.UO 


1 zl 
14 


97-1-0 
.Z ( ztu 


03 

.uo 


1 9 
1Z 


Q8-I-0 

.yoztu 


03 

.uo 


1 9 
IZ 


97-1-0 
.Z ( ztu 


03 
.UO 


1 9 

IZ. 


nR-i-o 09 
.uoztu.uz 


9A/T a qq 

ZlVLrt_DD 


70^' : (Q9f;iQ 09":!8990 

juooyzoiy- uzoozzu 


1 '-i 
10 


8/1-1-0 
.o4ztU 


07 
.U ( 


1 "} 
10 


08-1-0 
.UoztU 


09 
.Uz 


1 1 
1 1 


31 -I-0 
.OlztU 


03 
■ Uo 


1U 


■ 40ztU 


09 
.UZ 


iu. 


OO-I-O 09 
.UUztU.UZ 


9A/T A c:q 
ZlVl.rt.DD 


70^^09^9/1 0997/17Q 
j uooyzoz4-uzz / 4 ( y 


1 8 
lo 


Z19-I-0 
.4ZZCU 


1 ? 

.uo 


1 R 
10 


Qzt-l-0 
.y4ztu 


03 
-UO 


1 r l 

10. 


.OOZtU 


ozt 

.U4 


1 A 

14 


7Q-I-0 

. * yztu 


O'i 
-UO 


1 A 

14. 


K«_|_0 08 
.OOztU.Uo 


9A/T A c:q 
ZlVl.tt.DD 


70^ c tQ9 c ;K0 09*?84^fi 

j uooyzoou-uzoo4ou 


1 8 
lo 


9^-1-0 
.ZOZCU 


0^ 
■ UO 


1 7 
1 ( 


9Q-I-0 
.zyztu 


09 
-UZ 


1 ^ 

10 


9^.-1-0 
■ ZOZtU 


Ozt 
.U4 


1 A 
14 


98-1-0 
.Zoztu 


03 
-UO 


IO 


«c:_|_0 0/1 
.OOZtU. U4 


9A/T A c:q 
ZlVl.rt.DD 


70^ C !Q9^K1 09^/1049 
J U0oyZ0Ul-UZO4U4Z 


1 R 
10 


71 -I-0 
. ( IzcU 


Ozl 
.U4 


1 K 

10. 


00-1-0 
.uuztu 


Ozt 
-U4 


1 3 
10 


90-1-0 
■ ZUZtU 


03 
■ UO 


1 9 
IZ 


^zt-l-0 
.04ZtU 


09 
.UZ 


1 9 

IZ. 


9c;_|_0 0^ 
.zoztu. UO 


2MASS 


J05392633-0228376 


16 


.94±0 


.04 


15 


.28±0 


.03 


13 


.50±0 


.03 


12 


.84zb0 


.02 


12. 


,56zb0.02 


2MASS 


J05392677-0242583 


17 


.03±0 


.03 


15 


.46±0 


.03 


13 


.18±0 


.03 


12 


.40±0 


.03 


12. 


12±0.02 


2MASS 


J05392685-0236561 


20 


.00±0 


.06 


17 


.97zb0. 


.04 


15 


.46zb0 


.04 


14 


.84zb0. 


.05 


14. 


,49zb0.07 


2MASS 


J05393056-0238270 


16 


.66±0 


.03 


15 


.29±0 


.03 


13 


,81zb0 


.03 


13 


18zbO 


.03 


12. 


95zb0.03 


2MASS 


J05393234-0227571 


13 


.25±0 


.04 


12 


.50zb0 


.02 


11 


.18zb0 


.02 


10 


.50zb0 


.02 


10. 


33zb0.02 


2MASS 


J05393432-0238468 


19 


.20±0 


.05 


17 


.19zb0 


.04 


14 


.76zb0 


.03 


14 


19zbO 


.04 


13 


,79zb0.05 


2MASS 


J05393673-0231588 


18 


.73±0 


.03 


17 


.26zb0 


.03 


15 


,71zb0 


.05 


15 


.04zb0 


.06 


14. 


76zb0.09 


2MASS 


J05393759-0244304 


18 


.63±0 


.05 


16 


.63zb0 


.04 


14. 


.38zb0 


.03 


13 


.82zb0 


.03 


13 


,38zb0.03 



Photometric monitoring of a Orionis 
TABLE A2 - Continued 
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Object 






R 












J 






H 






K 




zivi.rt.Do 


juooyoyoi- 


09999^9 


1 7 


^7-i-n 

.0 ( znU. 


04 
.U4 


1 ^ 
10 


.OZznU 


nzt 


1 1 

10 


zL/i4-n 

.44ZHU 


0^ 

.uo 


12.90±0.02 


12.53±0.03 


9M A QQ 

ZlVl.Tl.DkJ 


j uooyoyoz- 


0991 91 7 
-uzoizi * 


1 9 
lo 


. ( ymu 


07 


1 ^ 

10 




n9 

.UZ 


1 1 
1 1 


.o4znU 


0^ 

.uo 


10.90±0.02 


10.22±0.02 


9M A 
ZIVIAdd 


JUOoyoyoZ- 


09991 
-uzooioy 


1 ^ 
10 


.yuztu 


0^ 
Uo 


1 A 


fi/l-l-0 


09 
-Uz 


1 9 
1Z 


99-i-n 

.ZZZtU 
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.Uo 
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9M A QQ 
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j uooyoyyo- 


09A90Q7 

-uz4ouy * 
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1Z 


.OZznU 


09 
.uz 


1 9 

1Z. 
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m 

.Ul 


1 n 

1U. 
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09 
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ID 
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09 
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1 7 
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.U4 
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lo 
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09 
.Uo 
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.79±0 
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12. 


,43±0. 


,03 


2MASS 


J05395753- 


■0232120 


16 


.82±0 


.04 


15 


,10±0 


.04 


13 


.31±0 


.03 


12 


.69±0 


.02 


12. 


,36±0. 


,02 


2MASS 
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-0229014 


13 


.94±0. 


.05 


12 


,94±0. 


.02 


11 


.72±0 


.03 


11 


.03±0 


.02 


10 


81±0. 


,02 


2MASS 


J05400453- 


-0236421 


19 


,95±0. 


.05 


17 


.92±0 


.04 


15 


,30±0 


.05 


14 


,81±0 


.05 


14. 


.21 ±0. 


.07 


2MASS 


J05400525- 


-0230522 


17 


,70±0 


.04 


15 


.92±0 


.04 


13 


.95±0 


.03 


13 


.37±0 


.03 


13 


,07±0. 


.03 


2MASS 


J05400708- 


■0232446 


16 


.84±0 


.04 


15 


17±0 


.03 


13 


.42±0 


.03 


12 


.81±0 


.02 


12 


.54±0. 


.03 


2MASS 


J05400867- 


-0232432 


15 


,66±0 


.04 


13 


.78±0 


.04 


11 


,77±0. 


.03 


11 


.15±0 


,02 


10. 


,85±0. 


.02 


2MASS 


J05400889- 


0233336 


14 


,49±0 


.28 


13 


,39±0 


.11 


11 


.50±0 


.03 


10 


.55±0 


.02 


9.91±0.02 



Note. — Wc list R and /-band photometry derived from our data and calibrated to the Cousins band, along with J, H, and K magnitudes 
taken from the 2MASS survey. Several brown dwarfs were too faint to be detected in 2MASS and hence we do not list values for these longer 
wavelength bands. 
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TABLE A3 
Objects with detected periodic variability 



Object 


Period [d] 


error 


Amplitude [mag] 


error 


Variable Type 


Member? 


zlviAbo JUOO* zoUO-UzoOUOO 


1U.4 1 


119 

l.lz 


A AAV 
U.UU 1 


A AA1 
U.UU1 


Q 


1V1 


zMAbb JUoo ( od4o-Uz41od ( 


0. (\) 


A A1 
0.01 


n not; 

0.035 


A AA/1 

0.004 


c 

b 


\r 
1 


zlviAoo JUOo /o /o4-Uz4044z 


11. Oz 


A 9A 

U.zU 


A A91 

U.Uzl 


A AA1 
U.UU1 


Q 

O 


1V1 


OA/T A CC TACOTOTAA AOOCAOC 

ziviAbb JUoo 76 fyU-UzooUoo 


1 A AA 
10.00 


A C O 

0.53 


A AA 1 

0.004 


A A A 1 

0.001 


b 


JV1 


OHO JUoo foooo-Uz4oolo 


A 1 O 

0.13 


A A1 
0.01 


0.275 


A AAV 

0.007 




AT 
IN 


CllO J 05373954-0238446 


A O 1 

0.61 


A A1 

0.01 


a no/ 1 

0.036 


A A PiO 

0.006 


b 


1\T 


2MASS J05374413-0235198 


0.63 


0.01 


0.028 


0.005 


U 


Jvr 


CTIO J05374598-0238011 


0.12 


0.01 


0.101 


0.005 





N 


2MAbb J 05375206-0236046 


O AO 

2.03 


0.05 


A AOO 

(J.Uz2 


A AAO 

0.002 


TT 

u 


A T 

1V1 


2MAbb J05375285-0251096 


1 A TO 

10.78 


a a a 

0.64 


A AAT 

0.007 


A A A 1 

0.001 


b 


1\T 

JN 


2MAbb J 05375404-0244407 


1 A A 

1.90 


A AO 

0.02 


A A1 A 

0.010 


A A A 1 

0.001 


b 


A T 

1V1 


OH/r A CO TACTOTCT/IO^ AO ,4 1 AAO 

2MAbb J 05375486-0241092 


O AO 

2.98 


A A1 

0.01 


A AOO 

0.028 


A A A 1 

0.001 


b 


T\ T 

1V1 


2MAbb J 05375745-0238444 


A CI 

0.61 


A A1 

0.01 


A nor 

0.036 


A A 1 A 

0.014 


T T 

u 


Y 


OH,f A CO TACOOAAtTC AO/ICTAAT 

2MAbb J05380055-0245097 


1.28 


A A1 

0.01 


A AO E 

0.025 


A A A 1 

0.001 


b 


Y 


OT\ ,T A O O TACOOAAtTC AOCAOOA 

2MAbb J05380655-0250280 


A A E 

0.05 


A A1 

0.01 


A A A O 

0.006 


A AAO 

0.003 


b 


AT 

JN 


OHf A CO TAOOAA70 AO /I IT /I A A 

2MAbb J 05380678-0245400 


8.17 


A OO 

0.33 


A AAO 

0.008 


A A A 1 

0.001 


b 


AT 
IN 


2MASS J05381265-0236378 


2.31 


0.06 


0.023 


0.005 


b 


T\ fl 


2MASS J05381330-0251329 


2.58 


0.03 


0.017 


0.001 


b 


Y 


CTIO J05381348-0236118 


2.10 


0.01 


0.310 


0.001 


EB 


N 


2MAbb J05381367-0235385 


3.64 


0.01 


0.450 


0.001 


EB 


N 


2MASS J05381522-0236491 


9.70 


0.63 


0.007 


0.001 


b 


N 


2MAbb J05381610-0238049 


0.76 


0.01 


0.003 


0.001 


U 


Y 


2MASS J05381680-0246567 


2.38 


0.03 


0.014 


0.002 


b 


N 


2MAbb J05381778-0240500 


2.41 


0.03 


0.008 


0.001 


U 


Y 


2MASS J05381824-0248143 


4.47 


0.05 


0.013 


0.001 


b 


Y 


CTIO J05381870-0246582 


0.25 


0.01 


0.760 


0.001 


EB 


N 


2MAbb J05381886-0251388 


6.62 


0.09 


0.038 


0.002 


S/U 


Y 


2MASS J05381949-0241224 


0.11 


0.01 


0.275 


0.026 


b 


N 


,A *\ I \ (1(1 TA P AA AA1 / \ ,A i \ / \ t 

2MASS J05382021-0238016 


0.96 


0.01 


0.014 


0.004 


U 


Y 


CTIO J05382129-0240318 


4.64 


0.36 


0.350 


0.036 


EB 


N 


2MASS J05382188-0241039 


1.00 


0.01 


0.650 


0.001 





N 


2MASb J05382332-0244142 


0.83 


0.01 


0.010 


0.001 


b 


Y 


2MASS J05382354-0241317 


1.71 


0.01 


0.017 


0.001 


b 


Y 


2MAbb J05382557-0248370 


0.30 


0.01 


0.034 


0.014 


b 


Y 


tA i\ t a r^ir^i TAh'dnA p*/a a a o h" a ^ ^ 

2MASS J05382750-0235041 


2.70 


0.02 


0.021 


0.001 


b 


Y 


2MASS J05382773-0250050 


10.94 


1.03 


0.005 


0.001 


b 


N 


2MAbb J05383284-0235392 


6.34 


0.36 


0.005 


0.001 


T T 

U 


Y 


OHf A CO TAtTOOOOAO A00A07A 

2MAbb J05383302-0239279 


1 11 
1.11 


A A1 

0.01 


A A1 A 

0.014 


A A A 1 

0.001 


b 


M 


OHf A CO TACOOOOOC AOOCT7C 

2MAbb J05383335-0236176 


A A 1 

4.41 


0.07 


A A1 1 

0.011 


A A A 1 

0.001 


T T 

u 


1V1 


2MAbb J 05383405-0236375 


1 1 o 

1.13 


A A1 

0.01 


A A1 A 

0.014 


A A A 1 

0.001 


TT 

u 


Y 


OH;I A CO TACOOOT/I C AOCAOO^ 

2MAbb J 05383745-0250236 


1.72 


A A1 

0.01 


A AO 1 

0.021 


A A A 1 

0.001 


b 


Y 


OT\ /r A PC TA COOOOCO AO At CEO 

2MAbb J05383858-0241558 


1 

1.75 


A A1 

0.01 


A AOO 

0.028 


A AAO 

0.002 


b 


Y 


i r i -> i / \ TArOAAAOl AOOTACTA 

CllO J05390031-0237059 


1 O A 

1.34 


A A1 

0.01 


A O E O 

0.253 


A AO A 

0.039 


b 


AT 

JN 


OH;l A CC TACOAAACIO AOOAOAA 

2MAbb J 05390052-0239390 


3.11 


A A1 

0.01 


A A70 

0.078 


A AAO 

0.002 


b 


1V1 


OH A CO T A C OAACO A AOOOAAC 

2MAbb J 05390524-0233005 


1 AO 

1.92 


A AO 

0.03 


A A1 T 

0.017 


A AAO 

0.002 


TT 

u 


Y 


CTIO J05390664-0238050 


0.88 


0.01 


0.020 


0.003 


b 


M 4 


2MAbb J05390759-0228234 


4.92 


0.05 


0.025 


0.001 


b 


Y 


2MAbb J05390808-0228447 


1.68 


0.02 


0.016 


0.002 


b 


Y 


2MAbb J05390821-0232284 


1.79 


0.01 


0.019 


0.001 


b 


M 


9TVrAQC! Tfl^lOnSQ/l n9"?Q^7Q 

zivi/voo juooyuoy4-uzoyo ( y 


9 RA 


a 


A A9/I 


n AA^ 


TT 

u 


v 


2MASS J05390988-0238164 


9.62 


0.59 


0.123 


0.010 


b 


N 


2MASS J05391 139-0233327 


1.79 


0.01 


0.025 


0.002 


b 


Y 


2MASS J05391 163-0236028 


11.29 


0.26 


0.066 


0.002 


b 


Y 


2MASS J05391232-0230064 


2.08 


0.02 


0.012 


0.001 


b 


M 


2MASS J05391308-0237509 


1.96 


0.04 


0.024 


0.004 


U 


Y 


2MASS J05391346-0237391 


1.42 


0.01 


0.009 


0.001 


b 


M 


2MASS J05391447-0228333 


3.01 


0.02 


0.032 


0.001 


b 


Y 


2MASS J05391576-0238262 


0.64 


0.01 


0.042 


0.001 


b 


M 
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Object 


Period [d] 


error 


Amplitude [mag] 


error 


Variable Type 


Member? 


2MASS 


J05391582-0236507 


2.55 


0.02 


0.034 


0.002 


S 


Y 


2MASS 


J05391699-0241171 


2.97 


0.06 


0.021 


0.002 


u 


M 


2MASS 


J05391883-0230531 


1.82 


0.01 


0.051 


0.001 


s/u 


Y 


2MASS 


J05392023-0238258 


0.95 


0.01 


0.007 


0.002 


u 


M 


2MASS 


J05392097-0230334 


2.92 


0.04 


0.036 


0.003 


s 


Y 


2MASS 


J05392286-0233330 


7.21 


0.05 


0.059 


0.001 


s 


Y 


2MASS 


J05392435-0234013 


4.73 


0.15 


0.005 


0.001 


u 


M 


2MASS 


J05392560-0238436 


8.18 


0.42 


0.124 


0.014 


u 


M 


2MASS 


J05392561-0234042 


3.56 


0.10 


0.011 


0.002 


u 


M 


2MASS 


J05392633-0228376 


2.27 


0.01 


0.019 


0.002 


u 


Y 


2MASS 


J05393056-0238270 


6.28 


0.19 


0.008 


0.001 


s 


M 


2MASS 


J05393670-0228162 


0.10 


0.01 


2.055 


0.001 


EB 


N 


2MASS 


J05393759-0244304 


2.24 


0.01 


0.035 


0.002 


s 


Y 


2MASS 


J05393833-0235196 


1.72 


0.04 


0.037 


0.009 


u 


N 


2MASS 


J05393931-0232252 


2.18 


0.02 


0.015 


0.001 


s 


M 


2MASS 


J05394433-0233027 


0.90 


0.01 


0.050 


0.002 


s 


Y 


2MASS 


J05394770-0236230 


0.93 


0.01 


0.029 


0.001 


s 


Y 


2MASS 


J05394799-0240320 


2.76 


0.01 


0.065 


0.001 


s/u 


M 


2MASS 


J05395038-0243307 


7.79 


0.15 


0.023 


0.001 


s 


M 


2MASS 


J05395056-0234137 


3.17 


0.02 


0.023 


0.001 


s 


Y 


2MASS 


J05395236-0236147 


0.93 


0.01 


0.015 


0.001 


s 


M 


2MASS 


J05395645-0238034 


1.67 


0.01 


0.010 


0.001 


s 


Y 


2MASS 


J05395753-0232120 


0.93 


0.01 


0.010 


0.002 


u 


Y 


2MASS 


J05400338-0229014 


8.15 


0.16 


0.009 


0.001 


s 


M 


2MASS 


J05400453-0236421 


0.76 


0.01 


0.027 


0.010 


s 


Y 


2MASS 


J05400708-0232446 


1.55 


0.01 


0.014 


0.001 


s 


Y 



Note. — Periodic variables and their 3— <7 uncertainties. We categorize variability type into several types based on light curve appearance (refer 
to Fig.[5j: likely eclipsing binaries (EB); fairly sinusoidal (S), periodic but specific shape unknown due to noise or other features (U), or other 
distinct shape, such as that of a pulsator (O). A few stars marked "S/U" are mostly sinusoidal but have interesting blip-like features over short 
time scale. We consider objects to be confirmed cluster members ("yes"- Y) if they have either broad Ha in emission, Li in absorption, weak alkali 
absorption lines (e.g., Na), forbidden emission lines (e.g., OI, Nil, SII), or infrared excess indicative of a disk, as listed in Table 1. Objects with 
only proper motions, only variability, no spectroscopic data, or conflicting membership indicators arc listed as possible members ("maybe"- M). 
Non-member classification (N) is reserved for targets whose colors are too blue to be sufficiently young for a Ori and whose variability type is 
indicative of a field eclipsing binary or pulsator. The following table entries represent new candidate cluster members based on our photometry, 
with our astromctrically determined coordinates listed in the object name: 1 With / — 13.43 ± 0.01 and i?, — 13.96 ± 0.02, and a simple periodic 
light curve, this object is a candidate a Ori member; but since its colors fall at the blue edge of the cluster sequence, we emphasize that this 
is a tentative identification. 2 This object is a new candidate brown dwarf, with / — 18.37 ± 0.04 and R = 20.19 ± 0.08. 3 This object is also 
a new candidate brown dwarf, with / — 18.27 ± 0.05 and R — 20.25 ± 0.08. 4 We identify this object as a new candidate a Ori member, with 
/ = 17.04 ± 0.03 and R = 18.72 ± 0.04. 
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TABLE A4 
Objects with detected aperiodic variability 





Object 


Peak-to-peak amplitude [mag] 


RMS [mag] 


Member? 


pEW Ha [A] 




70^17^1 Ri 09'? c ;9 c ;7 


n in 

U. 1U 


n n9 
u.uz 


v 


-^.OznU.O 


9MASS 


105375398-0949545 


1 95 


48 


Y 




2MASS 

_j ± V _L -i_ kJ kJ 


1053801 07-0245379 

*j yj kj kj u yj ±. kj. i u i u u I 


0.41 


0.10 


Y 




2MASS 


J05380826-0235562 

* ) \ J KJ KJ V.7 V } v.7 _. V.7 V 7 — . ? ./ f 7 '7 V Xj 


0.29 


0.08 


Y 


-27.43±2.36 2 


2MASS 


J05380994-0251377 

i f yjKJKjyjyj*J*J 1 V 7 — '. 7 1 1 7 i f 


0.16 


0.04 


Y 




2MASS 


J05381315-0245509 


0.13 


0.03 


Y 




2MASS 

_j X V _L -i_ kJ kJ 


T05382050-0234089 


0.61 


0.12 


Y 


-28 0±4 3 


2MASS 


J05382307-0236493 


0.07 


0.01 


M 




2MASS 

_j i, V J. -i_ kJ kJ 


T05382543-024241 2 


0.55 


0.16 


Y 


-260±30 4 

zjuu — i — *j yj 


2MASS 

_j±V_L iT_kJ kJ 


105382725-0245096 

JUUUUii J iiU U Zj t: U U i/ U 


0.83 


0.23 


Y 


co c i q q3 

yj kj . yj— i— *J . yj 


9MASS 


105389774-0943009 

UvjOkjOjLi t 1 'i U^^tOUUi/ 


1 3 

yj . J-O 


04 


Y 


_K r)9-|-n 30 2 


9M ASS 


O UUOOOlll-UZiOUOOO 


1Q 


04 


v 

1 


i Q7 c;7-i-i i aA 2 
iy i .u i _n ± ± . 


9M ASS 


TO^&^I ^7 09^148 

tJ UuOOOl O i yJLiOO 1^±0 


u.io 


04 


Y 

1 


i n i Q_i_n qo2 
_i_u. ioxu.y_ 


2MASS 

_j_V_.T_kJ kJ 


T05383388-0245078 

O \JUtJ(JtJiJ<D(J U Zj t: U U I O 


0.29 


0.06 


M 




2MASS 

_j ±V_L.f_ kJ kJ 


T05383460-0241 087 

u uuooo^tuu u z* t: j_ u o i 


0.18 


0.04 


Y 




2MASS 


105383909-0945391 


64 

yj . 


1 5 


Y 


_i o R3+0 65 2 


2MASS 

_j _V_L J_kJ kJ 


T05383922-0253084 


0.06 


0.01 


M 




2MASS 

_j_V_.T_kJ kJ 


T05385542-0241 208 


0.87 


0.19 


Y 


_iqo+90 1 


2MASS 

_j _V_L J_kJ kJ 


105385922-0233514 


0.82 


0.17 


Y 




2MASS 

_ J.V7L jTTLkJ kJ 


105385946-0242198 


0.05 


0.01 


M 1 




2MASS 


J05390193-0235029 

u kj ' J yj i f 7 yj i-iKJ\jyj t-t *j 


0.93 


0.28 


Y 


-72IL4 1 


9MASS 


105390976-0999558 

iJUU<Ji7U^ I U U Li jLUOOO 


10 

yj . J.U 


09 

yJ.yJLi 


Y 


a A^+n 97 2 


2MASS 


105390357-0246269 

U UUO JUOU I U Zj t: U Zj U cf 


0.10 


0.03 


Y 




2MASS 

_j±V_l iT_kJ kJ 


T05390458-0241 493 

tJ \J Kj tJ iJ\J^:kJ(J \ J Zj 4: X 4: O 


1.00 


0.20 


Y 




9M ASS 


TO^QO^O 09^9^0^ 


n 1 o 

U.lu 


o n9 


Y 
i 


f) cu-un O^ 2 

U . C/4:_IZU .UU 


ZJVlAoo 


juooyu j ou-uzozoy i 


U.Dl 


fl 17 


v 
i 


io i Q_|_ 1 oo2 

-io.iy_t:i.oo 


ZlvlAoo 


JUOoyUo * o-UZol 110 


n 71 
u. / o 


U.lo 


v 

1 




OA T A QQ 


JUooyiioi-UzoiUDo 


U.oo 


U.lo 


1 


-zo. ^ D=tu. 


m\ J A o o 

2MASS 


TAf OAOOAT AOOD1 "1 O 

J05392307-0228112 


0.12 


0.02 


M 




2MASS 


J05392519-0238220 


0.55 


0.14 


Y 


-40.03±2.80 


0"\ HOC 


T f \ f OAOA'7'7 AO/IOrOO 

J05392677-0242583 


0.93 


0.28 


Y 




2MASS 


J 05393982-0231217 


0.53 


Air 

0.15 


1 




2 MASS 


TAC OAOAOO AOOOI 

J05393982-0233159 


1.72 


0.41 


\r 
1 




2MASS 


J05393998-0243097 


0.34 


0.09 


Y 




2MASS 


J05394318-0232433 


0.38 


0.09 


Y 




2MASS 


J05394784-0232248 


0.17 


0.04 


M 




2MASS 


J05394891-0229110 


0.08 


0.01 


M 




2MASS 


J05395248-0232023 


0.05 


0.01 


M 




2MASS 


J05395362-0233426 


0.17 


0.04 


Y 




2MASS 


J05400525-0230522 


0.16 


0.03 


Y 


-20.5±6.0 3 


2MASS 


J05400867-0232432 


0.05 


0.02 


M 




2MASS 


J05400889-0233336 


0.97 


0.28 


M 





Note. — We list the key features of our aperiodic variables detected in the / band. Membership and Ha values were determined by other 
groups; thus Ha measurements arc not simultaneous with our photometric data. Membership criteria are the same as in Table 3, with "Y" for 
definitive a Ori members and "M" for possible members (no non-members exhibited high-RMS light curve fluctuations). The two objects with 
numbered notes represent new candidate cluster members based on their position in the color-magnitude diagram and light curve RMS indicative 
of variability. Their ma g nitudes are 1 1 ~12. 6 (2MASS J05385946-02 42198) an d 2 J ~12.9 (2MASS J0 5392307-0228112). References arc as follows: 
^Caballero et al.| d2008fh HSacco et all i200g|) . ^Zapatero Osorio et all J 20021) , iCaballero et al.| J 20071) 



